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Absolute cross sections for rorational Rizan scaitering have been derived
for N, and O, from ths aear uv te the IR, with pa.-ticular atze tien to 10.6y,
using a theoretical extrarolation of data obtained ir the visible.

The feasikility of remote optical ser.siny using near resorant enhan~emet
¢ of Raman scatterirg hzs beer ztudied by a search for such enhanhizement icon

ClF, Cs_, and Na,. Enhancem2at was seen from Na7, but the signal could not be

clearly demonstrated as Raman scatterin~. :

Use of rescnant effects (Raman, fluorescence, or absorption) in nemots
probing regquires botn a narrow line and high power from a tunable laser.
Injection narrowing of ¢ high pewer f£Iishlamp-pumped osciliatn: is shown to
be an effective means to obtain a narrow line at veasonab.c power. Applicaticn
of the 2ig-Zag Fece-Pumped laser configuration vo Jse lace»s is shown to provide
a nigh brightness, high averawc power ampiifier, and a des.qn basis for furcher
development has been establ:ished.
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RAMEY SCATTERING STUDIES

E. L. St. Peters. S. D. Sileers:ein, W. W. Morey, and . J. Taylor

Optical Physice Branch
Generai Electric Corpeorate Research and Developmest

Potational Raman scattering cross sections for Hz and 02 in the infra-red
are desired for analysis of the cropasation of high cower laser rzdiation
throwgh the atmospherz, pacticearly at 16.6 p. Wahile direct measurement of
thesz cross secticns is difficult due »>h to their small values and to experi-
mentsl problems, accurate measuremente are aveilable at visible wavelengtns.

The theory necessary to extrapolate these Jata is developed, =nd tabulated

cross sections for rotetional kaman scatterinag are presented €rom 265 nm in

the uv to 10.6 uym in ¢the IR. Sin» N2 and 02 are homonaclear diatomic molecules
with no IR absorotion. extrapo:ation across absorption bands is not necessary,
and the accuracy is expected to be high. This work is descriked in detzil in

Appendix A.

Since the scattered wavelength in Raman scattering is shifted from the
incicdent wavelength by an amount ciaracteristic of and dependent on the scat-
tering species, Raman scattering is attractive as a non-sampling technique for
gas analysis. Theory suggests that thi< 1ormally weak phenomenon car be
stronglv enhanced by the use of incident wavelengths which are tuned to be
near but not on an absorptio=n line of the scattering species. If this erhance-
ment is realizable, then resonance Raman scattering offers an approach to re-
mote measurement in the atmosphere of molecules of military sigaificance. The
small tuning range of presently available lasers witn aJequate wavelength ceontrcl
iimzted our laboratory investigarion oi this erhancement to a few species. In
one, Na2 vapor, evidence of a resonant Raman returr. signal was found but a clear
demonstration of its Raman-like character was not possible within the scope of
this work. 1If the observed signal is resonant Raman scattering rather than

. 7 .
fluorescence . it corresponds to an enhancement of rougnly 10 -~ er ordinary

Preceding page blank
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Razan scattecing. The other two stecies investigated, Csz vasLr 2na CF
¢as, proved nasuitabie for these resonant DBasan scattering siudies.

Bear resonance Raman scattering is cnly one o sewveral agzproaches to
remote opticzl probing; others includsng zbsorpricn of Ramas backscatter from
K, and »~f Raylsigh backscatier. 211 zach remore rrusins Secrricues wath nigh
sepsitivicy depead on the zvailzbilivy of higk pulse energy tunable lasers

-

®ost promising type of tunadle lazer is the dye laser, but eficctive use
cf a dve laser regeires narrowing of its rormaily broad spsciral cutsut, and
n tuning of ¢ils sarrow spesinm to The Jdesired wavelength. Conventional
narrewing techmicees involve disgersive cavity elzments with sixmificant
insertion loses, resulling iz substential power less. However, if a low power,
spectraliy parrow beam is injected in'o the iaser cavity before oscillation
beyrns, -nie lasar's sutpet spectrum i3 locked o the injected spectrum without
loss of power. In this program an insected poder of 11 watts, for example, is
iound to be sufficient tc narrsw 2 severatl nunédrad xilowatt laser. The beam

To De im)ected is readilv cbtained from a low power 2ye laser which can te

l\

easiiy narrovwed by comventienzi means. Detaiiz of this work are in Appendix C.

Kigh power dve lasers are of potential interest not only in remote probing
appiicaticas, but algo for erample fzr underocsan use. In ihe latter case

the wavelerath match to the ocean window ané the nich peak porer are relevant,

the narrow spectrum and tunability are nct. Such high pulse energy dye lasers

.-.,.

woWever have been limitad to low repztition ratesz, one pulse ewvery few seconds

at best, dus to themmally-induced distcrtion in the laser cavity. A dye Zig-

\

Zw5 Face-Pumped Laser configuration, designed to eliminate this distortion,
was founc to introduce no detectablie distcrtion into a He/Ne probe beam while
operating at an avevage power ci 1 kW intd the flashlamps. Using unpurified
comaercial dye and no special guenchanis, an average output powar of cover cne
watt was obtained at three pulses ver second. fhis limit was imposed by dif-
ficulties with the flachlame triugaring af righer repetitici rates, not by
thermal dictortion. Pesfomance snawtysis indicates substantial performance
improevements can be oprained by straightforwacd desion changes. The proieczed
performances of ore propused design are given for  oth osciliator and amp! [fiex

use, Studies on the dye Z:i3~Zag-FPL are given in Appesndix -

vi




KAMAN SCATTERING STUDIES

I. INTRODUCTION

Raman scattering from molecular gases is a process in which a small
fraction of light enerqy incident on a gas is scattered by that gas, with
the wavelength of the scattered light shifted from the wavelength of the
incident light. Tne wavelength shift is different for different gases,
and the scattering at each gas' characteristic wavelength is proportional
to the density of that gas and indeperndcnt of the densities of any other
gases present. Thus Raman scattering can be used@ to probe for the presence
of one or more species of interest in a mixture of gases. Although Raman
scattering is normally a very weak process, enhancement of the scattering
cross section by proximity of the incident wavelength to an absorption line
of the scattering species is expected. Utilization of this enhancement
.requires a light source which can be tuned to an appropriate wavelength for

each specles of interest.

In Raman scattering processes, a ga: molecule simultaneously ahsorbs
an incident photon and emits a scattered photon while undergoing a change
in its internal ex. itation energy. The energy difference betwecn scattered
and incident photons equals the enerqy difference between the initial and
final states of the molecule. .n general, scattering nccurs at & numbev
of shifted wavelengths with the energy shif . corresponding to energy level
spacings of the mc ' :cule. There are two general categories of Raman scat-
tering of interest: 1) rotational Raman scattering, in which the molecule
changes its rotational energy, and 2) vibr.- ional Raman scattering in which
the molecule changes its vibrational state. A third category, in which the
molecule changes both its rotational and vibrational states, is so weak that
it is seldom of interest.

Rotational energy level spacings in molecules are usually small and
therefore the wavelength shifts in rotational Raman scattering are small.
The selection rule AJ = *2 permits molecules in states with J > 2 to scatter
at two wavelengths. In one case, AJ = +2, the molecule is left in a highex
rotational energy level and the scattered photon energy is less. The scat-

tered wavelength is thus longer than the incident wavelength (stokes scattering).



e -

Por the &J = -2 process the scattered wavelength :s shorter (antistckes scat-
tering). These two scattering procssses from rotat:iconal states Iow erough
to be s:ignrficancly populated y2eld a series of nezrly eguaily spaced scat—
tared wavelegths extending about twoe or three nm (for the visible wavelength
reg:on) on either s:de of the incident wawslengih. After the farst few iimes

the imtensity fa2lis off rapidly.

Vibrat:onzl emergy level spacings are usuzlly much larger than the
rotational SpalinGs, and at a=dient temperatures only the vibrational ground
state 1s pormaily occupred. Only &v = £i processes are ellcwed and of course
only v = +1 can cccur from the grc¢ @& state. Scattering processes raising
the oolecule to a vibrationelly excited state vield a scattered wavelength
shifted toward longer wavelenagth by an amount depending cn the vibrational
state ceraraticn. Shifts as large as 100 nm occur for the visible wavelength
region; polyatom:c molecules with more than one vibrational mode yieid multipie
scactered wavelengths. Sinca the rorational spacings are nearly the same for
the upper and lcwer vibrational s=2ates, these scattered wavelengths are nearly

independent of the rotational state. The vibrational Raman sSpectrum thus

consists of one scattered wavelength for each vibrational mode.

The work in this program was divided into three tasks. The first
consisted of a theoretical extrapolation of rotational Raman scatcering
cross sections for N2 and O2 across the spectrum from the far infra-red to
the ultraviolet, based on measurements in thea visiblz. This calculation takes
into account the frequency dependence of the poliarizability. The second task
was an attempt to £ind and evaluate resonance enhancement of Raman scattering
from a few molecules whos2 absorption is within the very narrow tuning range
of existing ion lasers. The spectral coincidences which are necessary sevarely
limited the choice of molecules, arnd this effort was essentialliy unsuccessful.
In the trard task svbstantial progress was made toward a high power tunable

laser with a sufficiently narrow linewidth to be usetul as a source for

remote optical probes hased on resonance enhancement.

11, SOLUTE ROTATIONAL RAMAN SCATTERING CROSS SECTIONS

The wavelength dependence of Raman cross sections is often taken to be
4 | . . .
(l/AR) where \R is the scattered wavelength. This is only an approximation,

however, and for high accuracy or for extrapolation over large wavelength




intervals the wavelength dependence of the polarizability, which leads to

more complex wavelength dependence, must be taken in consideration. The
waveleagth dependance of the polarizability is related to the molecule’'s
absorption bands. In this work the theorv is develcpeé adegaately to extra-
solate rctational Raman cross sections from the uv to the far IR for molecules
walch o not havre any IR absorption (i.e., homonuclear diatomic molecules such
as O2 and NZ). Courled with absolute cress section measurements for rotational

Raman scattering from N, and O, at 448 nm, the theory yields absolute cross

2 2
sections over the same wavelength range. These results for Nz and 0_ are

2
tabulated for four incident waveliengths from 265 nm to 10.6 um in Ref. 1
which is included here as Appendix A. This appendix also gives the development
of the theory culminating in an expression which can be used for other mole-

cules with no IR zbscrptions.

IIT. RESONANT ENHANCEMENT OF RAMAN SCATTERING

Enhsacement of Raman =catterirg due to proximity cf the incident wave-
length 1.0 a singla isolated absorption line of the scattering species was
the principal interest in this task. If the incident wavelength is too close,
or if the incident linewidth overlaps the absorption line, then absorption
cf the incident power will occur. This absorption will be followed by
flvorescence; the fluorescence occurs at the same wavelengths as the Raman
scattering. Airhough much stronger than resonant Raman scattering, fluores-
cence is not s useful sirce its intensity may be strongl: affected by otler
gases present due to collision gquenching processes. Thus a narrow, tunable

source is required to avoid fluorescence and cobtain resonant Raman scattering.

TYcn lasers can be operated single-muJe and tuned within the gain band-
widchs of their available lines. In this msnner an argon or krypton ion
lasec c.r operate with a bandwidth of < 10_4 am tuned over severai ion lines
ir the wvisible, each line v 10.2 am wide. Use of such a source 'imits the
molecuales suitable for resonance studies to those wiith the necess »y spectral
coincidences; we lnvestigated three such molecuies: <CYF s , and Naz.

V.. found that the absorption transitions of ClF have transition proba-
bilities which are .»o small to contribute measreable enhancement. The
absorption specerum of Cs,. consists of lines which are too closely spaced to

2
isolzte the effects of any single line.

——
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Sodium molecules, Naz, appear well suited co resonance studies except
for the experimental difficalties associated with reactive metal vapors.
With the laser tumed off an isolated vaz absorption line by 135-20Q line-
widths (of the absorption line) we cbserved a signal which was roughly 10

7
iarger than ordinary Raman scattering would be. However, we were unable to
demonstrate that this signal has the cliaracter of Raman scattering rather
than fiuorescence, due tc the difficulty of the necessary experiments. With
more ef.lort than was possible in this work such a demonstration can probably
be made using uaz. The details of our investigation are given in Ref. 2

which is included here as Appendix E.

As part of the program in resonant Raman scattering, a theoretical
investigation of the non-linear suppression of scattering duve to high beam

po > n the approach to resonance was undertaken.

In the study, we considered the scattering from a single molecule for
whicih we assumed a cingle quantum model of three levels. Such a model is
dermane ro real molecular systems providing the laser source is close enough
t> an individual molecular absorption line to effectively isolate the contri-
bucions of that line. The problem as posed is soluble, Lut proved rather
difficult in both formulation and solution as it irvolved extensive use of
field theoretin renormalization tlieory with the evaluation of coupled, self
consistent integral equations. The problem couples the sources of the two
level quantum self-induced transparency problem with the added complication

of Raman channels.

We have been successZul in understanding the formal approach and have
proceeded towards a formal solution. However, due to the complexity of the
problem, more time would have been necessary to reach zhe solution than was
originally anticipated. Completing this effort would have required sacrificing
part of the thecretical work directed to scattering at 10.6 um, which was

considered more important.

There are two qualitative conclusions we can draw from our study prior
to completion. First, in a real gas, atmospheric-pressure-type environment,
pressure broadening effects should act to reduce the non-linear effects. Also,
the most significant power effect will not be the "single molecule self-induced
transparency", but rather the self-induced transparency effect caused by depletion

of the lower molecular state in the absorption process.

Nmasa
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IV. TUNABLE LASER DEVELOPMENT ‘

The most promising candidate for = wide-range tunable laser in the visible
is the dye laser. For aost dyes these lasers have optical gain over a wave-
length interval severnl tens of nm wide, and the entire visible portion of the
spectrum plus parts of the uv and IR can be covered using a number of dyes.
This property simuj*taneously allows operation over a wide range nf wavelengths
and makes operation with a narrow linewidth difficult. The active medium is
an organic dye in a liquid solution; this solution is very susceptible to
thermally-induced opticai inhomogeneities and the resalting distortion at high
average power operation. In this work we investigated cne oror.:ing technique
for narrowing the emission linewidth, and we evaluated the pevformance of a
dye laser configuration designed to overcome the distortion difficulties. We
found that the line narrowing technique gives excellent results and the low

distortion design works very well indeed.

The most direct means of narrowing the linewidth of a dye laser is to
introduce into the cavity dispersive elements which have large lusses at the
undesireé@ wavelengths. At higher pump input levels larger losses are necessary,
and line narrowing becomes difficult. Furthermore, the dispersive elements
have some loss at the desired wavelength and reduce the output. This technique
is thus not suitable for high power operation. In this work we investigate a
technique in which a narrow-linewidth low power beam is iniected into the high
power dye laser cavity before the pump »ulse begins. When the flashlamp pump
pulse rises above the thre:  21ld pump power, the high power laser oscillation
which builds up is locked to the injected beam with its narrow linewidth. Little
injected power is needed and can be supplied, as in this woxrk, by anothexr dye
laser operated at low power where line narr -ing is easy. We found that an in-
jected power of 1l watts peak is sufficient to narrow the near-one-megawatt peak
power of our high power laser to the injected linewidth. We emphasize that the
high power laser is not an amplifier but is a second oscillator; operation as an
amplifier would require larger power from the first oscillator for efficient
operation. Details of this work are given in Ref. 3 which is included here as

Appendix C.

The configuration for eliminating thermal distortion whicl: we investigated

in this work is based on a General Electric design, the 2ig-Zag Face-Pumped
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Laser, which was originally developed to reduce thermal distortion in Nd:
glass lasers. Rather than attempt to eliminate all thermal inhomogeneities,
this design instead uses face pumping to assure that each optical ray propa-
gating parallel to the axis . .thin the laser aperture traverses the same
inhomogeneities, and a high degree of internal self-compensation for the
thermal effects is automatically obtained. We operated a dye Zig-Zag Face-
Pumped Laser with various values of design parameters to determine the
cptimum values, measgured its performance, and demonstrated its low-distortion
properties. We were unable to observe any distortion and achieved an average
output power of over 1 watt at three pulses per second. The dye solution

was Rhodamine 6G in ethanol at 10—3M, and the output wavelength was 595 nm.
An analysis is presented which agrees with the measured performance and can
be used to calculate the expected performance of future designs. While the
efficiency of this present version is cnly 0.04%, this can be readily improved
Ly straightforward design modifications. Details are in Ref. 4 which is in-

cluded here as Appendix D.

[




V. REMOTE DETECTION Of THE OH RADICAL

As an example which illustrates the potential capabilities of remote
probing systems using tunable lasers, we consider the problem of detecting OH™
in a rocket exhaust one meter in diameter at 3000°K with a 1% OH™ concentration.
We consider two techniques, one based on Raman scattering and the second based
on absorption of returned Rayleigh scattering, and we consider detection at a

range of 100 km.

The number N of scattered photons collected by the receiving optics, of

solid angle ), per laser pulse of energy E is

z M.ﬂO'QTLTS

hv

wherse % is the density of scatterers, 2 is the scattering length, 0 is the
scattering cross section, hv is the scattered photon energy, TL is the
atmospheric transmission at the laser wavelength, and Ts is the transmission

at the scattered wavelength.

The OH™ radical has a prominent absorption band near 306.4 nm. Let us
take our incident wavelength here; the scattered wavelength is then 344.0 nm.

Then, taking
E=12J,
n=2,5x 1016 molecules/cm3,

£ =1 m,

D
1]

6.3 x 10—12’ assuming 2 1 meter diameter collection

arerture,

C =N 4,2 x 10"30 cm2, assuming o~ o, , and
OH N2
19 J'

hv = 5,8 x 10

Then

N

1.1 x 10_4TLTs photons per pulse.

If we assume an enhancement of 106, then

N = 110 TLTS photons per pulse.

Thus ordinary Rara~ = attering is much too weak, while resonant Raman

scattering is marginal even assuming a generous enhancement, Over ocur assumed

—en
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100 km distance TL and Ts will be small under most atmospheric conditions in

the lower atmosphere, but thev may be large in the upper atmosphere.

The second technique is based or comparing the Rayleigh (or Mie) scattered
return from the region beyond the ext .ust for two wavelengths, one of which is
absorbed by the OH radical. If the two wavelengths are very close together,
the attenuations due to processes other than OH absorption will be equal, and
the difference in the return signal is due to the absorption of the outgoing

beam and the return scattering.

Let us send our pulse out and not open our detector shutter until light
scattered from the region beyond the exhaust is arriving. If we leave the
shutter open for 5 .s, the effective scattering length is 1.5 km. (For 5 us
{ye laser pulse this js the range resolution; we could use longer gate times
and collect larger signals or reduce the laser pulse duration.) We observe the
Rayleigh scattering from this scattering length beyond the exhaust for trans-
mitted two wavelengths. The return signal is

2
EneoQTL

h v

where the symbol are defined above. We use a wavelength of 306,63 nm for

reasons given below, Then

H= 2.5x 1019 molecules/cm3 assuming the scattering

is from air at cne atm.,

£ =1.5 x 105 cm,
c=6x 10027 cm2, and
hve6.:x10 g,
Then
N=2,2= 105 TL2'

Thus the return signal is substantially larger than for the resonant Raman
scattering case. We note that the retarn signal will often be wuch larger
than this value due to Mie scattering, scattering from clouds, or from the

earth's surface beyond the exhaust plume,

. . 5 -
The absorption cross section” of OH™ at 3000°K changes by over lO3 in

- .

a wavelength interval a small fraction of a nm wide at 306.23 nm. At a .

frequency of 32,603.31 cm™! the absorption cross section is 6.65 cm t atm-l.
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For the 1 meter diameter 1% OH™ rocket exhaust under considecation the absorption

at this wavelength across the center of the exhaust is 49%. If both the out-

going beam and return scattering traversed the center the net transmission would :
be only 26%, while a wavelength longer by, say, 0.05 nm would be essentially
completely transmitted (over $9.9%). Of course, in practice only a fraction
of the outgoing beam and scattered light would cross the plume since the beam
diameter would be larger than our 1 meter plume, so the signal difference
between these wavelengths would be less. The signals are so large, however,

that small differences could be detected.

VI. RECOMMENDATIONS FOF. FURTHER WORK

Remote sensing techniques offer attractive capabilities for military
intelligence applications. To achieve sensitivities and ranges of interest,
clearly some rescnance phenomena will be employed. Not only is high average
power in a tunable laser source therefore required, but also minimum beam ;

divergence is essential for examination of localized remote scattering volumes.

The dye Zig-Zag Féce-Pumped Laser has these characteristics, and it ic
recommended that such a laser be developed to a more nearly optimal design.
The 3x3 cm2 aperture tested in this program is appropriate for a power ampli-
fier stage, but a driver is required with correspoudingly good optical
characteristics and a power output sufficiently high to enable operation

under near saturated gain conditions.

A preliminary design of such a smaller aperture device has been developed

based upon data teken in this program. Design characteristics are:
2 . .
+ 1x3 cm~ aperture, three pass configuration
* Same coupling configuration and hence efficiency as present module

* Three times as many dye channels in the same length module and therefore

three times the gain per pass
+ Input and cutput beam on opposite ends for experimental convenience

+ Good area efficiency with a beam diameter of 0.9 cm, appropriate for

an oscilliiur with low beam divergence

As an oscillator, based upon measurements made on the present module, and using

the sa.e pump parameters, we expect:




E * Threshold, 147 J,
t Slope efficiency with a 1.0 cm diam beam, 0.5%,
» Output energy with 500 G to the flashlamps, 1.7 J,
l * Point efficiency, 0.34%, and
) - Average power, at 5 pps, 8.5 W.

With this output energy from the oscillator, an identical module may also be

used efficiently as a three pass amplifier, where we expect:
+ Net small-signal gain, 9.2 db,
« 1 J per pulse added for an input signal greater than 0.3 J,

- From 0.22%, to 0.3% efficiency as an amplifier, for inputs of 0.3
to 3 J, and

- From an oscillator-amplifier combination, up to 2.7 J output for

1000 J pump energy

Alternative configurations are feasible if, for example, a shorter pulse

duration is desired.

The efficiency, high peak and average power, and low divergence of this
dve laser suggest applications such as to under ocean sensing and illumination
where tuning and narrow line widths are not necessarily required. For remote
probing as considered elsewhere in this report, the high power dye Zig-Zag-FPL
oscillator would be well suited to use in conjunction with a low power oscillator

in arn injection-narrowed configuration.

It is recommended therefore that a smaller aperture DZZ-FPL be designed
and tested both as an oscillator and as an amplifier. Following this demonstra-
tion, a laser system of one or several modules could be assembled as deliverable

hardware.

10
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ABSGLUTE ROTATIONAL RAMAN CROSS SECTIONS

FOR N2 AND O2 FEO!! THE fAR INFRA-RED TO THE ULTRAVIDLET*

S.D. Silverstein

i. INTRODUCTION

An accurate determination of the absolute cross-section f{or
rotational Raman scattering from atmospheric constitnents for a
broad range of pump freguencies is often desired for a variety
of reasons ranging from diagnostics to estimation of threshold
cunditions for nonlinear processes. Laboratory measurements
are typically made at freguencies which optimize detection sensi-
tivity and system stability, and these fregquencies are usually
in the visible. If one des. '‘es, for example, an absolute cross

section in the infra-red at the CQ_, laser wavelength of 10.6um,

2
a direct laboratory measurement of cross sections would be very

. . . -4 . .
difficult since owl , and infra-red detectors dc not have sensi-

tivities comparakle to detectors in the visible. In this work

we develop a theoretically based extrapolation procedure to obtain

rotational Raman cross sections from the infra-red to the ultra-

viclet for N2 and 02 using absolute measurements of these cross

sections in the visible.

In addition to the predominant atmospheric constituents N2

ancé 02, there are also the polyatomic molecules, 002 and water
vapor, in relatively small guantities. Both of these species
have absorptions in the infra-red associated with tae precence

of permanent electric dipole moments for particular states of

* This research was supported by the Advanced Reszarch Prodjects
Agency of the Departmeat of Defense and was monitora4 by ONR
under Contract No. NOO14-72-C-0503.

Manuscript Reveived 12/29/72
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the molecules. The effect of these aliowed infra-red transitions
on rotational Ramen svattering (RRS) in the visible is hichly
suppressed. Thzy should however contribuie significantly tc¢ the
infra-red scattering. The conclusion we come to as far as the
pelyatomics are concerned, is that even with muitiple determina-
tions at different wavelengths in the visible, the contributions
of the low~1lying infra-red transitions cannot be determined with
sufficient accuracy to develop a meaningful extrapolation from

the visible to the infra-red.

II. EXTRAPOLATIOF PROCEDURE FOF N2 AND 02

The atmospheric gases O2 and N2 are, of course, homonuclear
diatomic molecules which possess no permanent electric dipole
moment. As such, the intraband dipole transitions within a
given electronic manif~ld are forbidden, and the contributions
to RRS arise solely from the effects of virtual transitions to
higher lying electronic states. The transitions of interest
here are those associated with rotational angular momentum
changes of AN = %2,

The absolute cross section: for RRS by N2 and 02 at 647.1
and 488 nm have been measured.] We develop here a straight-
forward theoretically based exvrapolation procedure to obtain
RRS crcss sections at othar wavelewgths using these measurements
in the visible. This procedure tates into account the frequency
dependence of the polarizability .3 well as the obvious w4 depen-
dence of the Raman cross sectaiorn,

Let us now develop the theo.~»ti.:al arguments for the extra-
polation procedure. We define the s\a ec }(i>; {f> as the initial

and final rotational states within thes Jround state ma.ifold. The

Raman scattering amplitude can be .ritten as

S 1 @R e (Vs (1)

= - C et + Wy

+ (D) £maldImay .
él' Qmu-t“)lt,{.




< 2,3 _. . .
As is well known ', the cuv foxm the components cf a Cartesian

F tensor of second rank. By taking suitable linear combinations
of components of this tensor we can form terms which transform

in the same way as spherical harmonics of order zero, one, and

two respectively. For RRS, specifically for transitions in which
the rotational quantum numcer N changes by %2, we are in:erested
in the combination which transforms as the L=2 representation
of the full rotation group. This form is the "symmetric form”

- - . 2 .
or "quadrupole scattering” defined by

A A R e

For the diagonal components we have
| . . (3)
N - L ¢ ..i_(\—gﬂqu‘*?]
Q\Sf’l‘\‘o = 3{7&4\ ppla? STF )
while for the off diagonal components we have
(4)

<E\Spuliy = < Gy + Cli>

From Eq. 1 we see that .

. S /0
Q\C,,r\Q = - D_TTVLRA\Juwn; [ (\Jﬂw @/}W.l (5) !

MR \

\
X KAWM_T\S\Q( M AMu.‘\'WR,"Q—ﬁ ?

where

AM@:: QM&"‘?'{ .




Kow, defining,

0N

Nz Py 5 pE H b

we rewrite Eq. 5 in the form,

oy = 2 ﬁ\@’”‘“‘“‘\’ wiclees])

wmi, |

If we denote Elo as the band head separation between the ground
vibrational-rotational state and the lowest manifold of states
for which there exist 2llowed dipole transitions with the ground
state, we have Ama> Ejo for all bands, and B § 10_3 for the
relevant transicions an N2 and 02. In view of these magnitucdes,
we can neglect the 8 terms in Eq. 6. Hence, the scattering

amplitude can be well enproximated by

o Pt + 9 Py, <7 \ *
<¢\Cﬁr‘\4‘> n waﬁ’ﬁ 'Q’WL We; ?__, (C\/*)_;,wu(‘\/)wu‘t . (7)
M, & AW\U\ (\-.323

The resulc¢ giv-u here is still not in a form from which an extra-
polation of a measurement at a specific frequency to other
frequencies can be made. To accomplish this, we make the further
aporoximation of replacing the Y contained within the sum of

Eq. 7 by hwki/Alo; thus removing this factor from the summation.

<-\Q\C n\\» — —235 \!\AKAN)'R e 2) (C\)‘\‘CSW*(AI)WU\L (8)
‘_thu\l;/Ab) My Awm




Here AlO is the band head energy of the lovast elesctronic band
exhibiting allowed dipole transitions with the ground state
manifold. For 02, AlO would correspond to thke band head for

the uv (Schumann-Runge bands) corresponding to the transition

at an energy v 50,000 cm-l. The higher transicio.:s that wouid
contribute are in excess of 109,000 cm-l. This, =wcupled with
the fact that the Franck-Condon overlap integrals hetween the
ground vibrational state and the higher continuum states are
small, makes the approximation quite good. The most significant
correction to the approximation will presumably occur in th.
variation in energy for the uv band itself. The results are,

of course, appropriate only to frequencies below the band head.

One can estimate the corrections to be the ordesr of

4 Ao® (B=08)
CRE 0D (B5-4S) )

Here 6 is the avihrage band width of the excited state, w_ is
the measured frequency and w is the extrapolated frequency.
This error is the order of 5% at 10.6 uym and 15% at 300 nm

with ws at 500 nm for O..

2
Similar conditions prevail for N_ where the first allowed
\ -+ (XA 3
transitions are the Z.\;&""’ L%', \‘WMQ— \2.»; bands,

both of which exhibit band head energies of ~ 100,000 cm_l.

The differential cross section for the "quadrupole scat-

tering", 4N = %2, ic given by

.
L)
! : . 1o
C;J'Ubni\'= tom at Eﬁsh_ \<:§\Sw-bbui){gj>\ . (10)
Wi
With the anproximations made, this assumes the form
(11)

~ 4 » = P\
67}.'3[“)».:‘) & Const 03.{_ ( C{é* 3 /C\-- (u-}g-‘;u\w g
i8
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d&;'\) = Z Z_‘s @";\4,&«@%»«@@ .\7:(%?/5?5 * %';.,)%5/,3 —%%cﬁgp()] 7
S, ————Amq 12)

as follows directly from Eq. 2.
The general result for the ratio of the rxotational Raman

cross section at two different frequencies is given by

. o
G!:v(‘b\-.\ - (ig) 'R\U)M,in\ , (13)

Tp» \Wa) (i)'

where

w .

PECEA -

/RUB\L,\D&) = .Ao\’_ (14) ‘
\__ Qd‘ﬂ/b|;\ .

In Fig. 1, we plot R(w,ws) as a function of the w. We have
normalized the results so that W correspords to 488 nm. The
deviation of R(w,ws) from unity signifies the departure of the
cross section from the wf4 extrapolation.

III. APPLICATION OF EXTRAPOLATION PROCEDURE

A. Determination of N2 Rotational Raman Cross Sections

Let us now illustrate how one uses the results to compute
the absolute cross sections for different rotational transitiocons
at different frequencies and tenperatures from a single absolute
cross section measurement at a marticular stgndard frequency
denoted by W The ground state of N2 is alig state, and the
tetal angular momentum J is just equal the rotational angular

momentum N. To & good approximation, we can neglect the cen-

[Py

trifugal distortion correcticns to the rotational energy and
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Fig. 1 A plot of the factor Rlwsug which reflects the
frequency dependence of the square of the
polarizability normalized to the standard
frequency, which in this case is taken at a
wavelength of 488 nr.
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represent the rotational energy for the vth vibrational state

of the ground electronic manifold as

¥Iurj> = ?y'3(3+;> ¢

The general expression for the differential cross section per

molecule for a particular transition can be written as

4
21 { v
Gy, 72,2, = Ale) b P51 L 0+ == w,:-,»zﬂ (16)
L\ — UJ/A,X\“

Here, we have used the results of Section II for the frequency
dependence. The factor Auv(e) depends upon the initial and
final polarizaticn only, and the angle 8 which is defined as
the angle between the incident polarization directican for plane
polarized light and the final propagation direction. We have
nsed J* to denote the transitions AJ = 22 respectively. The

factors Pv J(T) are the thermal occupation probabilities,
s

E_,:r('\') = %_ QI)L‘D \\__ 8Jj(:h3/\<{f (17)

where Q is the partition function and gy 1s the degeneracy factor,

@3+ T (z1+) for T oud

(18)
s Q3+1) (14) 23+1) for T even

. Jz2
Here I is the N nuclear spin, I = 1. The bJ factors are the

Placzek-Teller coefficients,

-




L3 3(E+)(3a2)

J 2 (2543) (254)) / (19)
k?z = _33-0J (20)
223-D(aT+1)

The relation for a rctational cross section relative to a
measured cross section at a frequency Wy temperature Ts, for

4+ is given by

the transition JS

AT Ty
s\ w- (o = %J’ (21)

Ws = D(Iet) b’j: R E A

T L TS \
x 12[9H);)‘5¢? [_%%T (\Qﬂ%%jl - —“é;il:ix .

G"q) (J':!:)tb}-ﬂ = G)‘A" (Tt )“)S)T
Here
Ayl3s) = By (4746) 5 Ayl3-) = -Bu(43-2) -

4 ., - .
For Nz, the value of Bv is 2.010 cm l. Apsolute cross sections

s em v e

for 0., and N, have recently been obtainedl at 488.0 nm, Ts = 296°K.

2 2
These arxe giv- by

- =31 . ,
Gy (b+, 20 442 tm, 200%<) = (Squ2 £ ©. 0o ) x10 2 N, (22)

-30
= . X, ,
Oy (9%, 20,442 om , 19, %) = (1. 436F 020)*i0 Wy, 5O, (23)
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These are the differential cross section for 20° scatteriag,
the results are the same in the forward direction. We can use
the standard depolarization ratios of 3/4 to obtain the cross
section for the emissicn polarization perpendicular to the
incident.

In Table I, we have tabulated the cross sectiomns at d:f-
ferent frequencies corresponding to the wavzlengths 10.6 un

(CO., laser), 1.06 um (neodymium lasers), 488 nm (argon ion

2
standard), and 265 nm (guadrupled 3d) from the measured abs-~lute
value at 488 nm (Eg. 22) using the relation of EBg. 21. Any

other desired wavelengths can be computed using this relation.

B. Determination of 02 ¥otational Raman Cross Sections

Detailed analyses of the relative intensities of RRE at a
fixed pump frequency have bheen made5-7, and tha reader is rte-
ferred to these works for details.

The case of 02 is conceptually a more dirficult application
than Nz. This is d?e to the fact that the ground state of oxygen
is a spin triplet, ’z;. and the coupling between the rotational
angular momentum N and the spin 8 splits the spin degeneracy into
three states of total angular momentum N+1, N, N-1. PFor the
temperatures cf interest, the splittings are small compared to
KbT and one can simply use the same exrcnential factor for the
thermal occupancy of each member of the triplet. The differences
in occupancy among the triplet can be takea simpiy as the 4if-
ference in their degeneracy factors. The nuclear spin cf oxygen
is zero, hence to preserve the symmetry of the molecular wave
function upon inversion, only odd integral values cf the rotatioral
guantum numbers N are allowed. The possible rotational Raman
transitions which occur are given by thke selection rules AN = O,
$2, and AJ = 0, #1, 2,

in Fig. 2, we have illustrated the set of allowed %tokes and
anti~-Stokes transitions starting from the central triplet with
rotational guantum aumber N. We have used the standard spectro-

. . . . (&%)
scopic notation to label these transitions, viz L3, where




TR3IZ I ABSOLUIE OYPTEEZEYIAL (20SS SSCTIORS FOR
5, AT o°c ™ a=/sct

ROTATIONAL $ pOP TRANSTTION 10.6 = 1.96 288 oz 255
STATE N aT 0°c -5 »10™37 w1gm>3 »ig32 zi0”
0 1.4 0-2 6.36 6.78 1.52 2.
1 2.1 1-3 5.4 5,95 1,43 2.
2 6.6 2-0 $.61 .43 1.53 2.
2-4 14.3 16.2 3.50 5.
3 4.4 3-1 5.77 5.45 1.25 i,
3-5 2.10 e85 2.37 3.
4 10.3 32 15.7 14.35 3.4 &
4-5 18.3 22.13 5.33 2.
5 5.7 5-3 9.44 6.3 i.98 2.
5-7 3.40 13.8 2.83 a.
6 11.8 54 21.1 18.2 4.2 6.
6-8 13.2 22.8 £.76 =,
7 5.8 7-5 1.3 3.32 2.2¢0 3,
7-9 8.7¢ 1.6 2.82 2.
& 11.2 8-6 22.4 12.3 3.29 6.
8-10 15.8 21.9 5.30 7.
9 5.2 9-7 10.3 5.58 2.01 2.
9-11 6.96 9.95 2.62 3.
19 9.2 10-8 20.2 1.6 3.65 5.
10-12 12.3 17.6 4.28 5.
11 4.9 11-9 e.15 6.85 1.60 2.
11-13 4.93 7.54 1.e6 2.
12 6.8 12-10 16.0 11.7 2.72 3.
12-14 7.95 12.6 3.02 s,
13 2.8 13-13 6.82 4.83 i.13 1.
13-15 3.12 5.12 1.25 1.
14 4.4 12-12 12.3 7.79 1.81 2.
14-36 4.76 8.10 1.99 2.
15 1.7 15-13 4.55 3.65 0.709 1.
15-17 1.77 3.13 0.763 i.
16 2.6 16-14 7.15 4,67 1.08 1.
16-18 2.58 4.71 1.16 1.

The results given here are the differentiai cross secticns feor
incident and emitted radiatiom plamne polarized ia ihe saxe
dire-tion with the emission wave 7ector at 20° to the incident
polarizaticn. Tc chtain the depolarized compoment al 2%5°, the
results are to be multiplied by 3/4.

%e note that tbe cross sections given herz have incorgpcrzted
tne thermal dccupation factors cof tke rotational levels. To
eliminate this population factor one rerely divides by the
relative populaticn for each rotational state as given in the
table.
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Fig. 2 an 1liustration of the ailowed rotational Ramar
ranches in 0,. The group cdesigrnated by (1) appear
as satellite lires on the Rayleiaor scatteri-g, whiie
127. (3} are anti-Sftokes, and (4!, (35) are the
Stokes ccattering.
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the Dranckes (0, 2, @, R, ) correspond o the zngular momenton
charnges (-2, -3, O, #3, #2) respectively. The grovp of tramsi-
tions designated Ey (1! im Fig. 2 correspgonds ¢ the tramsitions
4% = 9, and will zppezr 23 satellites on the Rzyieigh lire. There
2re, of course, =0 satellites of thig kird on tke &2 Rayleigh
lize. We see that the tripilet rmature splits the AN = £2 Stokes
2nd apti-Stckes tracsiticons Iipto sixz separate transitions, each

of weich has 2 different intenmsity factor. The intensity factors
5-7 _5°K"

2r2 sivern by tke coefficients b_m where for the three -9
S5
coxpopents we Fave,
R ey 122} {(247)
= ’
R 38 zm‘\}g,&,g} (24)

Netgead 22y (eiue} 5 (25)
-1, M —
2 (2:813) (2e241)
1 vpua 2 N(43) . (26)
Cun = 2(264%) ¢
vhile for the two *r conponents,
bﬂ*‘,b’&l _ £ (27)
RN -
’ AN4D
Y4t el
b _ E] (28)
N3, - N3 '
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Thke sun of these coeificients satisfies the gensxal relatignm,

~2 . P -

wtere the 'i are fthe Piaczek-Teliller coefficients zs givem i=z

Egs. 12, 20. This generzl resul: carn be derived marhematicsliy

- " - - - = - P 3

irem the symxetry relations on the 2-% z2nd 6-3 coefliciegpt” of
J',R* 5

whick zThe gemerzl form of b_ 7 cas= e sxpresssé.
F B =

Rlterpatively, the results zre obvicus 5m the basis of
a el

1, where the three “S components for= a2 cenirzl channel with the

two R cozponents forsing smallisr side bandés 2t 2 separaztion

~ 2 c:_l froa the certral chaanei. 32t higher X, the Ss components
n

doninate. and the ce
reg2l+s are obtained for the anti-Stonkes.

In Teble 11 we have computed the absolute differential cro

[
(1]

section 4ssociated with possib:e transitions for 4 = 2. ¥e
have summed all the J values associated with the ipitial and
final N's. The expressions used for the compatations hexre are
identical in form to that used £for the NZ computation in Eg. 18,
except of course, that we have nmodified the varicus terms anpd

perameters as discussed in this section to make then appropria

02.
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mEr? I 2STIOTE DEFEOYSNTIRL CROSS SECTE0ES FUR
o, 2z I°c en’fer*
BOTRTFCRRT, % pO? TEIVSTTECH 30.6 1.65 422 cp 255 22
S®YE B T e X zig x10~ x16 x16

1 2.4 -3 - 2.43 2.77 0.830 3.57
3 9.6 3~1 2.55 2.53 0.7:3 32.32
25 2.97 £.72 1,482 £.12
5 i3.1 5-3 4£.32 2.21 i.25 5.37
5-7 .72 5.% 1.80 7.75
7 4.7 7-5 S.4£9 5.94 1.56 6.41
72 4.83 €.37 1,23 .32
] 15.4 S-7 5.72 5,13 1.52 6.49
S-11 £.43 6.65 1.24 7.93
11 12,6 11-9 5.35 £.52 1.35 5.83

ii-13 3.63 5.2% 1.58
i3 10.% 13.33 4.59 3.78 1.2 4.7

33-15 2.73 4,31 1,25

5 7.5 1523 2.28 2.53 0.832
15-37 1.85 2.92 c.314 3.6

17 5.1 1735 2.28 1.%5 0.574

17-319 1.z 2.62 6.618

ig 3.2 ie-17 1,72 1.26 ©.367
19-21 C.724 1,27 0.335 i.68

21 1.9 2139 1.05 0.749 0.2i8
21-23 0.46G2 0.74¢ 0.228 0.9

" The results given here zre the differential cross sections for
incident and emitteé radiatior plane polarized in the sane

direction with the emission wave vector at 90° to the incident
polarization. To obtain the depolarized component at 90°, the
resulits are to be multipiied by 3/4.

¥We note that the cross sections given here have incorporated
the thermal occupation factors of the rotational levels. To
eliminate this pcpulation factor one merely &ivides by the
relative population for each rotational state as given in the
table.
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APPENDIX B

A SEARCH FOR RESONANT RAMAN SCATTERING
IN CIF, Cs, VAPOR, AND Na; VAPOR
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A SEARCH FOR RESONANT RAMAN SCATTERING IN CI1F, Cs2 VAPOR, AND Na2 VAPOR¥*

R.L. St. Peters and S.D. Silverstein

I. INTRODUCTION

Raman scattering from gases occurs at one or more wavelengths which are
shifted in energy from the incident wavelength by vibrational-rotational energy
level spacings of the molecules. Different gases thus scatt:r at different
wavelengths, and this, plus the fact that the scattering is proportional to
the partial pressure of the scattering species, make Raman scattering an
attractive phenomenon for use in gas analysis. Furthermore, Raman scattering

also contains temperature information.

Unfortunately, Raman scattering is a weak process. However, Raman
scattering can in principle be enhanced by using an incident wavelength near
an absorbing region of the scattering species. While enhancement of Raman
scattering due to continuum absorption has been observed, the largest poten-
tial enhancements are for the case of an excitation wavelength near an individual
isvlated absorption line. Such an example has not been demonstrated. One

example in I, vapor was reported1 but has been found to be incorrect.2

2
The problem is a technological one due to the stiff requirements on the

laser bandwidth, stability, and tunability. The bandwidth requirement comes

from the importin.e of not having any incident radiation fall within the

absorption line, since the resualting absorption causes fluorescence at the

same wavelengths as the Raman scattering. Although this fluorescence is

stronger than the Raman scattering, its intensity has the undesirable feature

of being dependent on the partial pressures of other species in the scattering

region. The long life of the intermediate state in fluorescence allows collisions

witl, foreign gas molecules to de~excite the scattering species molecules, re-

ducing the fluorescence. The long intermediate state lifetime also prevents

accurate ranging.

The stability and tunability requirements come from the sharp dependence
of the enhancement or the incident wavelength. Adequate tunable dye lasers
are just now on the fringe of the state-of-the-art, and the spectral coincid-

ences necessary to demonstrate the phenomenon with other slightly tunable

* This research was supported by the Advanced Research Projects Agency of
the Department of Defense and was monitored by ONR under Contract No,
N00014-72-C-0503.
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lasers limit the selectior: of gases to a few. zach with its own peculiar
probiems. Experience gained in investigating these molecules has shown that
demonstrating the Raman-like character of the return signal is rerhaps rore

difficult than finding that signal,

1
!
b
.
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The licht sources used for tiie expe—izents are two Coherent Radiation
model 52B ion lasers, one with an argon tube and the other a krypton trle.
2 prism is used as the high reflectiwvity cavity mirror +o obtzin lasing on a
single spectral line. A tiltec Coherent Rzdiaticn stabilized etzion is used
in the laser cavity to force the oscillation to cccur on a2 single lomgitudinel
mode of the cavity. Tilting the ctaion tunes the wavelength over the gain
bandwidth of the chosen spectral line. PFor the strongest line at 514.5 =no tie
Ar ion laser yields rore than 0.5 ¥ single rode, stable to ~ 16™% n= over
several hours, and tunable over a2n interval of about 0.01 nm. On the weaker

lines the power is less and the tuning ranye is smailer.,

Scattered 1light is collected by a lens and spectrally filtered bv &
Spex 1400 double monochromator using 500 nm blaze gratings with 1200 lines
per mm. With narrow siit settings this instrument is capable of resolution

near 0.01 am.

The light is detected by an RCA C31000E photomultiplier which is cooled
to about -40°C. Photoelectron cs>unting techniques are used to reduce the

phetomultiptier dark signal.

The scattering cells ares pyrex cylinders 2.5 cm Inng and 5 om in diameter
with a pyrex window fused to each end. Th=2 scattered light is viewzd “hxough
one of these windows. The laser beam passes through the cell via the cylin-
drical wall perpendicular to the viewing axis. A hcllow pyrex tube is
attacheé to the cell at one point on the cylindrical wall. 1In the case of
the cells used for the CIF work this tube led to a valve connecting the cell
to a gas handling system. For the alkali metal vapor work this tule was
sealed off about 10 cm from the cell and contained the alkali metal reservoir.
An oven was made for the ~ells for the alkali metal experiments by placing
the cell in a brass cylinder about 20 cm long with the cylindsr axes of the
cell and brass tube colinear and the cell stem projecting out of a hole in
the brass tube wall, Heating tape and insulation were wragped around tne
brass cylinder, and the ends were closed by giass windows, The laser beam
passed through two holes in the oven wall. A copper tube was »laced over
the cell stem and a nichrome wire heater plus insulation were wrapped around
this extersion. Two thermocouples separately monitor the temperature near

tn2 end of the extension and at a point on the zell wall, To prevent metal
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condemsation on the cell wzlls the cell was kept MWOC warmer thsn the stem
?betmmésmiformtofthemszxmzﬁoc&&eoallm
275°C at the stem end, althouch the cells have been heated as hot as 435°C.

2t £259C the cell turns brown in zhout 35 minptes dp» to reaction of the sodiun
and pyrex. At 285°C z cell czn be uvseé for several days, gradzally derkenins.

Below abomt 250°C there is very littis !‘xaz fluorescence e to the vapor

pressure being too low.

135 arrancezent using sealeg€ Off cells makes experiments Cn foreicn

gas effects difficelt. 2 new cell oust be constructed for each foreicn
Gas pressure, and the oven must be partially disserdled and re-assexzdled
t0 charnge the cell., Rbsoicte intensity oo=parisons £rom ceil to c2ll are
difficult o make with accuracy, since there is zlways an uncertainty in the
exact tezgerature of the cell, and the vapor pressure is a strorg function
of termerature. PFurther, the intensity from any one cell at constant tempera-
ture is not constant but decreases due to darkening of tt. cell walls., Thus
accurate quenching experirents would require a much more elaborate cell and
are bevon@ the scope of this investigation. B2As discussed below such experi-
ments must be done with great care.

The apparatus used in these experiments has been carefully calibrated

. " . 3
for use in abssolute Raman scattering cross section measurements. The

calibration has remained constant over more than a year.

T
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FT5. CEIORINE FLOORESE EXFEEIWENTS
X, Introdontion

Ch:lorine Fliusride, CIF, was seslecte€ 25 & candidzte for rescuence
experimests because its tebulated zbhoorption spectrum in the visible metches
ths region over which a muxber of Xr and Ar ion lager wavelenglmes zve avail-
able. Unfortmmately, these shserction bands are extremely wesk, a2nd we foungd
no indicztions of zbsorption or fluvorescence, Ordinary Ramen scatlerinc wes
observed z2nd i1%s wzvelencth dependence was =easured to e (1/13}4. indicatring

the abseance of any resonance effects.

The atsorption spectrum of CIF vas reported by Gak:haftigé in 1942,
This short letter reports molecular coastants and band heads, but doss not
aive a2ny indication c¢f the strength of the absorption. Otber band originz
are lists& In Yearss and Gayéons. The repcrted absorpticn consists of a
series of bands from 455 n= to 5232 nm, plus 2 contiiuum beyond the disscciution
limit at 4€5 nm. Six important Ar and Kr ioa laser lines exist in the inter-
val covered by the band absorption, one Ar ion lire at 457.2 nm is in the con-
tinuvem, and several Xr laser lines are to the red of the absorption region.
Thus mezasuremenis of the Ramar scattering cross sections at a nweber of fhesc
waveienaths would be eapectei tc show deviations from the (}./'AR)4 wavelength
dependenc:. Purthernore. three lassr lines akt 47¢.7, 476,5, and 496.5 nm
lie with n bands near the hand orxigin., Calculaticns using the molecular
constants from h‘ex;;berg6 iudicated a density c.f absorvticn lines rear 476.2 nm
of aboul. 50 lines per nm. Trus it was likely that aae or m.re CIF absorption
lines weculd be within the gala bandvidth of an ion laser operating on one
of tne three lires near hand oyvigins., Thii would afforc Lhe opportuniiy
of tuning & single-moded ica laser near a single absorytion Yine to examine

the re-emissinn for resonsnce enhancement of Rawan scalteiyng.
B. Experimental Results

The cell was indtially Jilled with about 1 torr o2f CIF gas and the laser
bzam wi.s pasced throuch the cell, All the availal:le Br and Kxr a.n lauver save-
lengths were trisd, one at a cime, whilz the ceil was visually observed fo
signs of fluorescencn  Fone was geen., This was r2peat«d a. sevaril »ra’sures
wy to 240 torw with sti.l no sign o. any fluorescence., Since the gas ir the

ceil was still orwowetely ciewar and untinteAd at 2J0 tovi it was 2ppavent thad

the listed aheorxption in {he visipie must be vary weak.

3
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2t the 240 Yorr precssore the Zanze scarierisc from o CIN was nesomred
usimy 45: spectrometer syctam zd Eiméﬁimtkmlmmﬁzmﬁ:s.
The syctem weel for thess messuraments has Deen carefoily caiibwated for Zzmaw
scatierine oss Sectios neasurements. Btk Ifts roixtive and shoolzte srestril
resgonses beve been morniftorsd Sor o 2 yzar and foond oot o vary significaatis,

The sescured isteneilyves of the X-mer scatiering from CIF 2t e five vevzlenctbc

o

w2re corrected for chis iaam system responrte and for the incident sz’ oo

h

Zach Intensity wos thern mmitiplied by the aguroprizte gl . The resuliznt
pora2iized invepcitiss shomll 2l e the sam= 1 no resonast <ffects are
occurriar, whils rerosance sffecrs should causs substantial cherces with

incident warelongth,

The resuits are shown ir Table I. The intensities shown hawve been
mifinlied o (“2} and are roruzlized to the intensity obtained using the
S14.5 nm anci T wavelength. wWithin experimental error thevy are 211 ecuzl,

0

icating tne a2bsence of resonance effects. The last entry in Tebie I was
obtzinzd usiig a2 Xr ion laser wavelength or a different @ay usinc a different

b4

CXF sawple,

2

ﬁjN, nm IRAH x RR
157.9 1.02
476.5 0.52
488.0 0.99
495,5 1.0¢
514.5 1.90
530.8 G.9%6
THABIE I

Raman scattered intensity for six incidant wavelengths.
The inteusities have been wultiplied by >«, to eliminate
the ll/>\,~)4 dependence and are normal 1¢:ed to the intensity
at 514.5 nm.
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i fractioe of xTraRi metal cegews oosists of diztvnic nolecoies wdad
aEeoed: i the W isile zud endt resovesce {Ioerescenczr.  Thess nolecmlies,
imcinficrn corer-20kzif noleteles, woe long Dpen stodied il tledr zhwszphl
Znd By DEsonamee fizmzasmﬁﬁcz-& 2 Emoach e noleomizr fracison of the vamoo

is Imowe fr incresse reptdiy sdth zemperattre, 9 actual velres of the fractiooe
T eB
“r

=

% review 2f the zosorpiicon specrra 2xd vepor pressures iadiczated csz P

Lz, were the woet 1ixely cardifates for resonance stuiies. Soth Cs, ad M2,

s
neve zboorption mexime In the bive whers &r iop Iikzers yvield z nuuber of rimes.
Csz hes 2 hicher totel yzoor pressure ot 2 sE=llsr splecwmiar fraction and

Iower osciilator streacths, We therefore chose Cs, Sor the first experinment

2
in €he bope thz - its hicher vaoor mressore vonld 2llow work at lower temmera-
tires. Sowever, initizl experiments eliminated Csz cn the basis of the com—
pizxity of its spectira, &nd sobsecuent experiments focusses oz Rez-
2 re-emission ixtensity which can be identified as rzsulting from yesomance
with the 6 ~ 9 P(22' zlsorptinn line kas been ofserved with the ieser suificienily
far froo this Xine vhat the re-emission is expected te be resonznt Razan scarter—

ing, but we were unadble to cCerpastrate its Razmen-like character.

3. C32 Experiments

Cs2 was found to emit readily wvisibie fivorescence when an zr ion laser
at 48&.0 nm was used as the excitation svurce. wezker fluoresc nce was ob-
served using other laser lines. 7+ was found, however, ti-at even at 488 nm
a temperature of over 300°C was necessary to obtain a st. .ng signal, probebly
Adue to a combination of the low oscillator strenyths and small molecular frac-
tion. The Cs2 re-enission showed little intencity change as the single-mode
Ar laser was tuned over the cain bardwidth of several laser Jines. The lines
of the Céz absorption spectrum are thus extrenely finely spaced. Furthermore,
the total ».essure of C52 at 300°C is over 2 torr- and the individual absorption
lines may e broadened by collisions lezading *o overlap. Thus the absorpticn .

spectrum of C52 appears to be effectively a continuum not suitable for our

resonance experiments.
C. N32 Experiments

Sodiun vapor yieids visible fluorescence when excited with several Ar ion

laser lines. The fluorescesce can be ohserved as a yz2llow-green lire whore
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2 deam gacwes tiopugh tie osBil.  The siroemest floorecoecs ie excited By
the $74.5 om Mime. Os2ble finoeecoecce i 2isp odtaroed osing the 4320 mm
2ixe. The floowesceree chizi~ed osimg oifwr lires is much wm2ter. ¥oot of

ouxr attentics w@s Sives o e 475.5 mm 1ime.

e here ohserved flmorescence gqeoerated Ty 2hsorptios a2t {ive Indicidenxd
! rotztional-vihrational lires of Mz, which fall witids the tosdng reope of our
' sinple mode Ar iowm laser at 475.5 mm.  These lines zre identified im Table IT
aloas xith their calicniated wewelencihs and fheir apuroximete position within
the tonine renpe. e idextified these 1imes by vse of calcmizted wawelenciivs

usine moleclzr constzets from Bef. § 2ot by observation of the fiwwrescence

srecire resclting Srom exciting eachr of these Iimes. Satrration technicues

bzve shown thet eoy vperfine strucitire of the (30 ~ 2} P(13) is oeglicible

ComEare: totbeZé?I—':znaterailinewiiﬁk,ganﬁueéomtezpecthygerfine

structure to D2 sicmificant for any of the other limes.

Iif the incident wavelengin lies ox 2 single isoizted 2bsorption linme, say

the 5 — 0 2(23) line, 2 single rotztiomal-vibrational-electronic state is being

e = = . - . - - - 1
excited, in this case the J = 27 v = 6 sudlevel of the B electronic level.

©

Observed Tosition under 476.5 o=

Transition Czlcrlated 3., ™= Gain Turve
6 — 0 P{23) £75.479 Ncar red end
10 — 3 2(13) 476.476 Slight blue of center
11 ~ 3 R(5%9) £75.4%5 Near blue end
19— 9 P(1) 476.51a Xear center
12 «~ 9 R(7) £76.512 Xear red end
TABLE 11

Pransitions identified within the Axr-ion 476.5 nm lager bandwidth. All

transitions involve a chenge in electronic state B v = x*Z *. The calculated

wavelengths use the molecular constants i reference 6 and dre waveleig*hs in
air. The constants are less accurate for transitions betweon higher vibrational
states. The lact transition may also be the 19 ~ 3 R(6) line with a calculated
A of 476,511 nm,

: Fluorescence transitions can occu. from this level to lower levels where allcwed

by selection rules. We restrict our attention co tcensitions back to tae Xlig+

ground electronic state. The cnlv selection rule is then AJ = +i. There will ,
! be two trancitions to each vibrational sublevel of the ground state. fFfcr

example, the pair 6 — 1 P(23) and R(26) are the only allowed transitions to

40
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i v = 2 Jewnl of the Tromd state. Thoos exck wmidwelicmz] {loprescesor "Damd™
cor=ists of 2 dochiet. the vihwaciorz! segeraticm for M, is afoot 2.5 om aod J
the dochliet seperetios, which drpemds o I, for tiis cazz 3s 2boxt O.¢ mm \

Ue oote Shat 17 the flopwescemcs cOmrs o the § —~ 3 2628 Rize B meT chavge
in $me crendttm stzte of the molescals fter abwprptiom aor re-emissiom is Iy = «1,
47 = @. The & — % {25y flrorescence iime restits ix 2 met chempe fo = 3, 43 = =2,
Tiors $Ile firorescence re-emission is anzlogous fo tee limes of urdinmesry Bomen
scattering, ane in the J~bwench (the so—wzlled "ribrztiomal iire™) zod the othsr
in the G-iwexch (cr thes "rotzticn=l wing™). From this cicersation SHwo poists
are clezr: 1} groximity of the imcident seveliength to the & — 6 P{22) lice co=
oniy carse enkhancement of two of the merw rotztiomzl iines of the stokes fmmda
mental, aof 2) the resomence effects of the variows 2bsorpticos limes uxder the
£278.5 mn c2in cuxwe e seperated Dy observimg ke specizurn of The re-emissicn.
He mote 21sp that only scettering from molecuies which are in che v = 0 5 = €

state can be enbemoed Ty proxinify to the € — 0 P{Z23} line.

Wen the Incident wavelencth is centered on Luiis zbsorpticn lime, (%o first
stoxes firorescence sSpscirun consists of the resulting Slmorescence Iocblet
plus a weaker dovdlet &r. to e 12 «~ @ P(6) 1line, The limes of this iztter
covblet are clcser tocetier thap the first dorblet and lie between the lines cf
the first dounlet. We note that e v = 9 lewel of the growd electronic state

-1 . - . - - - .
is some 1575 cm T above the v = U level and is expected fo be only siichtly pope—
3

lated at 300°C wnere XT is only ~ 400 =@ .

This absorption line appeaved particularly promising as 2 carndidate for
resonant Raman scattering esperizents. It lies near the red edce of the czin
curve, allowinc tuning the laser frox= the center to rore than 5 Giz (~ 0.0045 nm.
or nearly the full gain curve width) off center. The resuiting re-emission
doublet can still Le clearly identified and separated from other fluorescence
lines when the :acer is tuned 4.0 GHz from the center, although fluorescence
caused by absorption lines near the blue edge of the gain curve interferes

with this doublet further oat.

The width oI this line is determined essentially by its naturai linewidtt.
The natural linewidth of the 10 ~ 3 P(13) transition has been measurec by satura-
tion 1'.ecln'n'.ques9 and found to be ~ 24 Mhz, The width of the 6 < 0 P(28)
transition w2 are interested ir. is unlikely to be much different. Xo hyper-
fine structvre was found in Ref 3. The total sodium pressure, atoms plus
molacales, is about 10-2'?‘ at 30001.‘. Under these conditiorns a molecule will

vass within 1 no of znother mnlecule or atom about once evesy 1.5 us. This !

S .
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ic aioot 275 times the lifeline of the woper les=l, o Rine heoadecinc doe

&0 coEncing of the crper level is rolikely. $imee the molacule cam trawel

i om in oot 2 x 16 2 sec, the molescles spead sbout 16 of the time withis
1 ow of a-oiher zitom or molecmtz. Thxrg, tniess Mumoer raoge furces are ime
sortznt, peripriaticss of the erergy level by coliisioas shoel” ot he Imoriast,
Lloocer remge Ve der Wazis forces do exdist, St they zre wmiikely <o Ze sl

o czzse sicnificent chences in the ahsorgfios lime taiis.

The cnly remeinins soorve of hroadenins is dospler btrosdemins. For cur

porroses it is most coovenient to ireat the Joppler brosdening as 2 Drozdening

of tke incident lzser lire. e thuos consider 2 laser spectrim sthich hes 2

czussiar spectrel profile of wigth X5 (:Ez9 incident on molecules whinse

ahsorption mrxofiie is lorentzizn with 2 2£ Moz natuaral linewidth.

Hoen the laser is £ CEz from the =bhsorption line center, we are 165 iipe-~
wicths s=way from resomamnce. Since the ganssian Sopplisr profile of the laser

.. . ..~13 . . . . .
is Gowm oy £ x 20 at the aosorption lime cexter, we can consider

the laser
radiation 2s effectively coxmtzined within its caussizn width of 1.5 &E=z.
Ine izser 15 then spreadé over the region fxom 3,23 to £.75 Gz away froz
resonznce, i.e., £rom 135 to 200 linewidihis from resonance. his is few
erogh recoved that we expect the cbseryed refurm re-es=ission signzl Lo ne

Raagen-iike, 1.e., t0 b2 yesonant Ramen scatterirg.

Severai experizents can, in principle, test whether thz signal is resonant
Reman scattering rather thaen f£luorescence. The important distirnguishing prooe-ty
1s that Raman scattering is independent of foreign gas messure, i.e., 1t Zoes
not cuench. While sizple in principle, consiGerable care is npeosssary in
inlerpreting experimeants based on this test. If our excitation wavelength is
in the tail of the absorption line, Lu% close enough so that the re-emission
3¢ flvorescencz2, introductior of a foreign gas can still lead to 1little change
in the re-emissi..n over certain pressure raages, Poreign gas pressure can,

-n fact, cause ar increase in fluorescencelo. To se:= thi~, we rote that a
foreign gas has two effects. The first is to collisionally de-excite scae
of the molecules, vhich quenches or reduces the fluor=scence. Tae second is
to broaden the absorption line. This bcuadening causes more absovntion in
the tails where our excitation wavelength 1s. More ahsorption means more
excitation which will tend to increase the fluorescence. Under eppropriate
conditicns this latter effect dominates and %ne fluorescenc: rises. Tatro-
duction of more foreign gas will eventuallv broaden *he line sufticlently to

encompass our excitation wavelength wiinin the increased linewidth. #urther

10
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Irozdeming will redeee tre Sworpticn, and thoes the fimorescence intexsity

e B < e gy

will decrezse. Thos foreicn g2s pressure dependence experimente recunire
carefyl mezswrements of the Tre-emission intensity at 2 mrmber of foredcn
g=s prossores. For experimental razsons (sce Section IX) such experiments

are very 2ifficz:it in Eiaz.

Poreic: gas molecnies can czzse collisionai transfer of excitaticn energy
£ olher excited states from the optically puimped ones, czusing the appearance
of filuorescence from these other excited stetes. The presence of radiation
fron stztes which are vowmulated by collisionzl trensfer froxz the cptically
oumped state 3z ir itcelf evidence that the re-emission is fluorescence rather
then Xzmen scatterinc. If the intermedizte state lifetime is too short to
213ow cpllisinnal quenching, it is too short for collisional transfer. Such
fivorescence from mearty rotalionzl states populeted by collisiopzl transfer
forms 2 readily wisible array of flucrescence limes in each wibrational fluor-

13

escerce band in fluorescence spectra frozm I, wapor . This fluorescence is

2

indnced oy ;2—22 collisions in the zbsence of any foreign gas and increases

in incensity very rapidiy with low pressures of a2 foreicn gas.

obe

Such flncrescence ic: however, not visible in pirre Kaz even when the
laser is centered on 2 resoma2nce and the sigpal is thus imown to be Zluorescence.
+his is probably Gue to the short lifetime and low collision frequencv. We
constructed severzl Xa, scattering cells with various pressures of L.r gas
in an attecpt to cause co:ilisional transfer and generate this fluorescence.
Onlv very faint traces of fluorescence from states populated by coilisicnal
transfer was found. This fluorescence would be too weak to see when exciting
the resonance in its tzils even if it wmaintained a constant ratio to the sain
fluorescence froa the optically pumped states. Argon pressures up to 50T
wers used; at this pressure the fluorescence was severely quenched on the
resonance center. We are unable to state an accurate quenching figure due
“o difficulty in comparing intensities from cell to ceil, and can only say
that the guenching on resonance center was at least a factor of 10. The
Gienching with excitation in the tails appeared less but we cannot say that
none occurred. The factor of 10 quenching on line center indicates that
ooliisions are clearly the dominant de-excitation process; the absence of
fiuorescence from states populated by collisional transfer indicates that
the favored collision result is tc de-excite the molecule rather than trans-

fer iis energy to ancther nearby excited state.

R
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when cosmared to ordimary Ramen scettering froz nitrogen gas, the re-
emission we observed in !i'az iz enbanced by &obout 107. This figure was
obtained using the vaiue for the Kaz molecular fraction £rom Ref. 8. In
view of this large exhzncement, it would be incésed interesting fo determime
wirether this re—emission is resonant Razen scatterinr. The nrecessary quench-

inc experiments are possible but are beyond the scope of this investigation.

]
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VI. CONCLUSIONS

O L T v S .

The visible transition rates of ClF gas are too small to cause observable

S

4 enhancerent of Raman ccattering. The enhancement is proportional to the

{ rroduct of two of these transition probabilities.

The absorption spectrum of Cs, molecules consists of lines which are tuo

ctosely spaced to permit isolation of resonance effects due to a single line,

With the incident laser spectrum spread over an interval from 135 to 200
linewid‘_ths away from the 6 < 0 P(28) absorption line of Na2 ; we observed a
re—-emission signal which is caused by proximity to this absorption line.
While the separation from resonance suggests that the re-emission is resonant
Raman scattering, we were unable to demonstrate this. This re-emission is
enhanced over ordinary Raman scattering from N2 by about 107. Careful
quenching experiments should be able to determine whether this is resonant
Raman scattering.

i
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SudUARY

A high average power, narrow linewidth, and tunable dye laser is
required {nr applications to remote probing of the atmosphere by any
uf severai r¢sonance spectrascopy techniques. The requirement of
efficient nigh average power output is not easily made compatible with
a warrow linewidth, however. In this report we s:..amine a particular
approach, injection nerrowing of a high power oscillater, and com-
pare it tn other possibie methods for obtaining a high power output
with narrow luewidths,

The output from’ a low power, narrow llaewidth, and tunable dye
lacer was injectec into the resnnating cavity of a high pawer broad
band dye laser oscillator. ror injected powars much greates than
the fluorescence power generated into the resonator mosues, the high
power cscillater condenses 1ts output spectrum to that of the injected
laser field. This injection narrowed oscillater is coiapared to a high
power oscillator thst is directly narrowed with intracavity wavelength
dispersive devices and to a conventional oscillator-amplifier system:
It is conciuded that for linewidths on the order of 10-> nm or less
the injection narrowing technique is preferred, but for linew.dths
greater than about 10™° nm the other tv o systems appear to be
more practical. Three different designs for efficient injection
narrowing are recommended,
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INJECTION NARRGWIRG OF A FLASHIAMP-PGMPED DYE LASER OSCILIATOR®

I. ZJHTRCDUCTION

fhe tunavle flashlamp-pumped dye laser; for which output energies of
up tc 123 have been reportedl, offers a possible laser system to meet the
requirements for remote atmosph2ric probing and undersea illumination. For
more 2ffective usc of resonance fluorescence (RF) or near rescnance Raman
scattering {NRRS) phencaena in remote probing appiications, not only must
the Ddandwidth and stability of the probe laser be on the order of the ab-
sorbing linewidths of the species to be examined (typically on the ordsr
of 10-3 nm), but a2lso maximum beam power is required. These two reguire-

ments, a narrow line at high wower, are usually incompatikle.

1f a relatively high flashlamp pumping rate is used ir order to obtain
useful output power, then threshold is exceeded over a broader spectral
region and a broad band output is obtained. To obtain a narrow linewidth
requires wavelength dispersive devices to be placed in the laser cavity
which give rise to significant intracavity losses, and still fail to produce
adequate narrowing at high power. 7Thus, the presence of lossy intracavity
dispersive elements and the reduction in pumping rate required to cbtain a
narrow line emission prevents utilization of the full power capability of

the laser.

A, J. Gibson2, for example, designed a flashlamp pumped dye laser for
atmospheric probing with a spectral linewidth of 5 x 1073 nm by using three
Fabry-Perot etalons of successively smaller frece spectral ranges. Gibson
obtained & 10 mJ output pulse energy when the dve laser was operated broad-
band at 10 nm emission width wilh no etalons in the laser cavity. With
the first etalon in the cavity the spectral width decreascd to 0.3 nm and
the pulse energy dropped 30%. Placing the second etalon in the cavity brought
the spectral width down to 0.05 nm with a 50% decrease in the pulse energy,
ard when all three etalons were in the cavity Gibson obtained the 5 x 10_3 nm

spectral width with 3 mJ output, a 70% decrease in the output pulse energy.

T™.is gives a net gain of 600 in the enerqgy per unit wavelength, however,.

* Tnis cesearch was supported by the Advanced Research Projects Agency of
the Department of Defense and was monitored by ONR under contract No.
NO014~72-C-0503.

Manuscript Received 1/30/73 1
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Apcther a2pproach to = laser transmittezry fur resote probing would be te
2mpplify a low inveY frequency-~narrowed-and-stabiljzed dye laser wich a bigh

wer ampliriexr. Howev2r, this is ot an efficient way to obtzin the large

]

rulse enercies and narrow linewisths waguired, Por jwus input mower the
anplifier is cperating in the small signni welifying regime, and a iargea
amcurt of the amplifier pump light Is going Intn fisovecsence rather than
stimulated emission. Using published zesults for maximum unsaturated gain
of a flashlamp-pwgped dye laser with rhodamine 6G§ one cair estimats the
sm2ll signai gain of a high power commercial dye laser whose active lexgth
is 23 cm tc I about 8.4 db per pass. hus, tie 3 md ouipw of 2 single
Toded dye laser would be awglified to about 21 mJ. This commercial dye

laser however, is capable of emitting 2J of laser ene—-gy in about lus when

operated as 2zn cscillator with broadband reflectors.

Another approach to obtain a narrow spectral output from a high power
dye lazer is to use injection narrcwing. Here a Zow power smectrally narrow
radiation field is injected into the sptical resonating cavity of a high
power dye laser oscillator at the time the laser is triogered. iIf the
dersity »f the injected photons in one or more of the cavity medes is
considerably largexr thar: the densiiy of photons from spontancous emission
in ali the cavity modes then thec las=r cscillation preferentially buiids up
on the injected radiativn field rather than from thre spontaneous emission
ncise, as is the usual case when the injected fiexd is not present. This
narrowing technique deperds ia part ¢n the spectral broadening of thz dye
being homogenzous, so that the desired medes arc ir gain-competition with
21l the undesired modes. In gractize Chic is fouad to ke true to a high
degree. Tne high power oscillavor, then, cair be made tv lock its oscillation
to an injected radiation field iliat has built up in the rescnating caviiy
modes. In this wav the Ligh power leser eamission can have the same spectral

and beam divergence qualities acs the injected radiztion.

Injection narrowing was first demnns*trated by Erickson and Szabo4 with
an Nz-lase:-pumped dye laser and a pulsed arqon laser, They reduced the
spectral width of the dye laser from 40 to 0 00016 nm with the injection of
50 mW of 514.% nm airgon laser light. With 0.5 watts of iniected power about
80% of the dye laser energy was spectrally cocodensed into the narrow line
with the remaining 20% ctaying in th2 wings. "he spectral intensity in the

- . 5 .. . X . . .
narrow iine isg thus 2 x 10~ times *hat in the wirgs. Injectior narrowing

%




ras alsc been observed with a cw He-Xe laser as the injection source for a
Jager-pumped £ye lasers- Recently G. Magyar ard 5.J, SGohneidasr-unten used
a 10—? rm, 35 Y, flashlemp pummed Gye laser tc injecticn narrow 2 high
pnsray fiushi2ue o
enerxy of the systen in a single line about 10 © pm wide. The effective
enexrgy gain or zatio of the fimal cuiput energy of the injz2cred high power
oscillatcr to thz totai: 2nergy output of the low power isisction laser was
200. Wvhen the system was used as a conventional osziliator-regenzrative
ampirifier as in Ref. 6 ar effective energy gain of only 2.5 was optaived.
The injection narrowing technique has the advantage of alilowinc one to
use a convenient low power*, frequency-narrowed-and-stabilii-z3 dve laser to
cause oscillation of a high power dye laser to occur with the saue speciral
quality as the injection laser. In this way a large fra:tion of the hivh
power output obtainel in broad band operation can e pizczd in the exmission
width of the injectad laser beam. Pctentially, then, {ris pracssc conla
be more efficient than directly narrowing a hich zxwer oscil:ator with dis
persive elenents or using an oscillator-amplificy ccmbination. In the
next section we will describe our injection laser experimen’s, and ther in
the following section make a comparison of injection narrowing ~igh tine
other aforementioned methods for obtaining a large energy per pulse wiih

narrcw spectral emission.

* By low power dye laser we mean one whose pumpiag rate does not exceed
the threshold pumping rate to a large extent asz compared to cne that is
driven to sevzral times the threshold rate ror maxisum power output,

1mmped dye laser®, Thev obtalvaa st least 30% of the fctal
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7. TRIZCTION-SARKOWING STUDIES

The izjection-narrowing sxperiments reported herz vtilized a low
powar, 3ps~long mmilse, flaszhiasp-comped dye laser to iajection—parrow 2
(andela model 2D625 coaxial flashlazp dye laser that is cezpable of emitting
2 joules in a lps pulse wiith, Since flashlacp-punped dye lasers are
usually trigaered oy spark gaps, synchronization of twc iasers whose rise
times are a small fractiorn of a miczrosecond would b2 erratic becausz or tne
inherent Sitter present in the triggering spark gaps. 32y using a longer
31 pulse €or the injection laser, the submicrosecond jitter in the triqyer-
ing is no lornger a problem and syncnronizaticn carn be achizved con nearly

evary shot.

The injection laser is spectrally narrowzd using a 1200 £/mm diffraction
grating acd a zesonant reflector to form thz laser cavity. The resonant
reflector was constructed by coating both sides of a thin parallel gless
»late with a 50% reflecting dielectric coating. The maximum reflectivity
o5 the resonant reflector at ity selected wavelengths would bz more than
66G%. When the injecticn laser is pumpea about 20% over the threshold pvmp-
ing rate, its emission consists of one to three lines whose widths are
nzar 3.1 nm. The separation of these lines, determined by the free spectral

range of the resonant output reflector, is C.48 nm.

Tigure 1 shows thes exper.mental set up used to erxamine injection narrow-
ing of the Candela laser. The dye used in these expeviments was rhodamine
G and the center wavelengths were around 596 nm. Referring to Fig. 1, the
injection laser, whose beam is represented by the broken 1line, has a dia-
meter about 3 mm at the exist of the laser. -this beam diameter is expanded
oy a factor of 10 times in order o £iil the 16 mm diameter aperture of the
Cendela laser. BRbout 35% of the expanded heam is reflected from a beam
splitier and sent along the optic axis of the Candela laser. The nutput
refle:zto. of the Candela transmits 75% of the incident injection laser beam

and allows the injection laser's radiation to build up in the lasing cavity.

The two lasers are triggered with a combination Tektronix 162 waveform
generator and twe 163 pulse generaters. Each pulse generator sends out a
trianer pulse *hat can be delayed relative to the other in order to syn-
chionize the flashlamps sc¢ the short pulse of the Candela laser occurs near

the peak of the injection laser's output. To meet this conditicn it is

23 ‘

.



. . PO R
RAAPE NNIA 1N DAILA DI IERALS SV Prmaeass § oy st 05 410 gty somcs p Fvib A Yomn s B W 5 Yy s e taeid YA S emkRcs e 4 s e i e o R i e A Y EPVARL b me Bl A R YT O TN T = o a e e x.um, .

‘dn-308 XEUNT UOTIDWLUL T ‘6T

Loyl
1 ip]
YISy
62903 VI3ANYD
R :
|
ez g S 3
i
I L T N3LLNdS
L WY3g
(|
|1
(.
'N39 ‘OIY.L —
HOLINOW ‘950 @_ 43571 } mumqwmxm -
Av3g wna N
i 434 .,
ONILVHO .t_m% A z<zo$f :
) il | it 57 40103410 QNV
D_. wummmmu%_ mo:sﬁu MER
~=714

300100L0Hd N —
435V NOILO3MNI




nzcecsasy to Aelay the toiguer *c e Cinvinla lzser oy zhout i3ns relzcive

f

T the inie-Oor. laser trigger Fisnai. Tho Injection lzcer Is monitored
ik z FIN 1T pintoficor Iy cdevecting the laser sics’l from the zers order
refiaciins of the Iiffraction grivixeg. This signal is displayed on a &ual
bean oscilluscopes aleds with & flasdlzsp cusress ronitor sicmai from the
lendele laser.  n this @iy ol Lon St and chfck the symchronization of

the lasers frem shot to shot.

The Candela laser s aligned with a Ee-Ne alicrzent laser and ther the
expamicd injestion laser Ueaz was alicoed oolirezrly with the Ee-Ne laser
Beam. Riter pzssing through the bean spliCter, ithe Candelr laser beam,
represented by the hashed arcrow, was atkermzted Ly reflection from a wedged
glacs plate zni then with & ¥Kratten seutrel Jersity 2.6 filter. The beam
was then sent to a Jarreil-Ash I =eter Ceeray-furner spectiograph where a
spectrocran of the Candela laser wac taken or Polaroid type 55 positive/

. - - " . el e ~2
negative film. The resoluticn cf tha speciroyrepa il about 4 x 10 ~ nm,

Spectrograms were made under different —onditions where tha lasers
were syncnronized or unsynchronized, one or the other laser bhlocked to
prevent ogzillation, and both lasers unblocked. Wlen the lssers were out
~< syachreonization 2nd unblocked ondy the broad band swission of the Candela
luser was recordeld on the film, 1In this case the gaich lower intensity of
the injection laver that was reflected back from the Candeia mirrors was
not enough to expose the ¥iim. ¥When {he lasers were brought into proper
syncironization, howsver, injection narrowing was easily ooserved since
the nmuch narrowver emission linewidth: of the injection laser was predominant

on tie film.

Figures 2, 3, and 4 wexr made by tuxing microphotcmeter trz2ces from the
DPolaroild negstive filwm. The vertical azes ir these figures can be related
tc the inteasicy of the incident light inx one portion of the output beam.
Using & calibrated stepr attenuatirg film tc check the microphotometer,
however, it was determined that the ordinats is not a linear scale in
intencity and teo preserve the proper relation betwzen low intensity and lLiagn
iitensity portiong of the traces, the uigh peaks in Figs. 3 and 4 shou.d Le
araut 30% higher then shown. The horizontal aizis, ofF nourse, ~eorecents

~

wavelength with the scale shown in Fig. Z.

-
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Fig. 2 DSutput spectro= of thz Condela laser with no injection.
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Fig. 3 Output spectrum of the Candela laser wi’'h injection.
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. Fig. 4 Partial locking of the Candela laser spectrum w'.th injection.
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Tloure 2 shows the ovipet of e Candelz isver alone. The bandwidth of
the exissicn is a2round £.0 n». It c2n D2 sven Irom Flg. 2 that the exission

=.

spectzum is modulated £o 2 f2irly hich fegrme. TJs Is caused by interfer-

&

reflections in the resoxating cerity froz ths windore 1f the cptical
cell that contains the flosing dye sclution. Tre Zazndela laser in this
instance was emitting a2bout 0.35. Pignre 3 shows the resuit under identical
conditions a2s those of Pig. 2 excest that the injection laser is unblocked
and synchronizedé with the Candela laser, Ik Pig. 3 we see the emission
spactruz is that of the injection laser but the beaxm enerqgiss are of the
order of ¢hose of the Candeia laser. Tne Candela laser, then, has essentially
locked its outout to the injectiorn laser’s spectrum., The two emissicn peaks
represent two rtodes of the injection laser’s rescnant reflactor ani ave
separated by $.48 nr. There is also 2 barely resolvable f£ine structure
contained in each of the two emission peaks. This is caused by interferinrg
reflections from the dye cell windows of the injection laser. A micro-
photoucter trace made at a slower speed more clearly resolves tue structure
in these emission peaks and shows that the longor vaavelength peak sontains

4 subpeaks of which the third subpeak is reduced about 30% from the othex

3 subpeaks. The amount of reduction of the third subpeak and its 3pacing
relative to tne firct subpeak agrees witlr the medulaticn depth and spacirg
of the Candela lacer mcduiation as observed in Pig. 2. 1In another spec—
trogram taken at a slightly Gifferent wavelength sne of th: two main peaks
has orly one subpeai and a half width of about 5 x 10“2 nm. This is abozc
the resolution of the spectrometer so the actual emission width in this casc

was scmewhat smallex.

Considering the losses of the beam elevator and director, the beam
expander lenses, and the fraction reflected by the beam splitter, about 22%
of the injection laser’'s output is directed towards the output reflector of
the Candela laser. This output r=flector transmits 75% oI the incident
beam allowing the injected radiation to build up within the Candela resonator
cavity. The smaller bore diameter of the Candela laser with respect to
the expanded injection laser beam diameter reduces the injection power by an
additional factor of 27.4%. The injection laser power transmitted into the
Candela laser cavity, then, is about 4.7% of the output of the injection
taser. The PIN 10 photodiode, used to monitor the injection laser, was
calibrated by simultaneously measuring th2 output power with a calibrated

| outgp
- '4
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ITT vacucz photodiode and diffuse reflector. For the spectrograsm in Pig. 3

the PN 10 éiode ronitor indicated that the injection laser was generating

SRS V. S AT Syt o e Fodd

about 230 watts at the time the Candela laser fired. In this instance, then,
the injected laser power sent into the CAndelz lase:r cavity would be about

11 watts. For a co=parison we can estizate the amount of fluosresceance power

Nk e e B

enerated in the laser cavity modes bty consiézring the fluorescence emitted
g 25 S

into the solid angle of the laser beam. Estimations of the conversion
efficiency of electrical power driving the floshlames to light powsr ab-
sorbed by the dve laser pump bands, the guantuw efficiency for fluorescence,
and the shift in wavelength from avsorption to fluosescence gives a factor
of about 0.3% for the conversion of pumping power to fluorescence power.
This conversion efficiency is slightly greater than the measured (.27% laser
etficiency at the 3G0 M4 peak pumping level used for Figs. 2, 3, and 4. The
threshold pumping rate was found to be 90 X. Therefore at this pump.ing
rate we would nave 0.27 M7 of flvorescence power. Since the flucvrescence
radiates into 47 steradians, we can estimate the amount of fluorescence

that is radiated into the cavity rescnator modes by consideving the frac-
tion of the total solid angle included in the laser divergence angle.
Allowing for two directions of emission ana a divergence angie of 2.5 mrad,
we get a fraction of 0.78 x 10-6. Multiplying this fraction by the 0.27 MW
we obtain 0.2 watts of fluorescence generated into the Candela resonator modes
near the threshold of oscillation. This is more than an order of magnitude
less than the injected laser power sent into the resonator and causes the
Candela laser to emit practically all of its energy into that part of the
injection laser's spectrum that builds up in the resonator cavity modes.
Spectrograms taken where the injection laser power was several times smaller
shows a considerable amount of broad background radiation. In this case

the laser was only partially locked to the injection laser spectrum. A

case like this is shown in Fig. 4. From this figure it appears as though
the injected signal depletes the long wavelength side of the Candela spectrum, .
It is also interesting to note that injection locking can be observed even

when the injection laser's emission lines are saifted in wavelength to iie

outside the natural emission wavelength of the Candela laser. 1In this case

lasing action is observed at a wavelength which without injection wuld lie

below threshold. :

y SV

e

——e




173. CONCLUSIONS

These experiments confirm that a relatively small amcunt of injection
power can control the spectral distribution of much larger power levels
produced by a dve laser oscillator. Many spectrograms have been talen with
the injectior laser system described above with different pumping energies
<rd injected rower levels. They show that the injected field must compete
with the fluorescence power generated in the oscillator resonator modes;
and a minuscule zmourt of injected power in a high power oscilliator will
not lock the oscillator to the spectrum or the injected field. The injected
power requirement for locking the oscillator is relatively small; in the
results demonstrated above 11 watts was more than sufficient to lock the
oscillator driven by 300 MW of flashlamp pumping. Even ti.ough injection
narrowing of a high power oscillator does offer a very attractive alternative
to direct frequency narrowing techniques and oscillator-amplifier combinations,
100% utilizatior of the output capabilities of the laser cannot be made
because some output power must be sacrificed from the oscillator in order
to be able to inject the field of the frequency narrowed laser. In ouxr
experiment this loss came from the beam splitter thot was placed external
to the oscillator cavity. 1In practice, however, this loss could bhe reduced
to a few percent by choosing appropriate reflecting optics for the beam

splitter and properly matching the beam sizes.

One could, for example, use a Brewster angle reflector as shown in
Fig. 5a to reflect thz injection laser bheam along the optic axis of the
oscillator. The reflected beam could then be sent through a 45° votator
and then into the oscillator. The oscillator cutput would lock to the
polarization of the injected beam anl, traveling in the cpposite direction,
its output would he rotated an additional 45° and transmitted by the Brewster
angle reflector. The losses in this case would just be the losses of the
rotator. Another scheme that is very attractive is shown in Fig. 5b. 1In
this czse the output reflector of the injection laser is also used as the
high refiectivity refiector of the oscillator. The loss to the high power
oscillator would ke in the reduction in the reflectivity of its mirrors
required for injecting the tuned laser. The beam expander in Fig. 5b
matches the small beam diamerer of the injection laser to the larger diameter
of the high power oscillator and makes the tilted etalon more effective ;

in frequency narrowing. By placing the injection laser at an appropriate
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Fig. 5 1Injection laser systems design
(a) using a Brewster angle plate for efficient injection,
(b) using a common reflector and a reflection grating, and

(c) using a common reflector and a transmission grating.
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angle relative to the oscillator, a transmission type diffraction grating
could be used after the tilted etalon as shown in Fig. 5c¢. This would make
better use of the beam expander for frequency narrowing. For this case a

100% reflector would replace the reflection grating of Fig. 5b,

In comparing the efficiency ¢f an injection narrowed laser system with
a narrowed oscillator system consideration must be made of the additional
energy required to drive the low power injection laser. For ex:mple, if a
linewidth requirement is only 0.3 nm, direct frequency nesrrowing of an
oscillator will decrease the broadbaad output by only about 30%. Using
injeccion narrowing, one would be capable of achieving the same linewidth
with only a few percent reduction in the oscillator output capabilities; but,
of course, this would require another laser with additional power consumption.
In this case direct frequency narrowing of an oscillator wouldl be advantage-
ous. On che other hand, for very narrow emission widths on the order of
5 x 10—3 nm or less, the reduction in output capability with direct narrowing
becomes 70% or more, and injection narrowing becomes an attractive alternative

to direct frequency narrowing.

In order to achieve the output power levels with narrow linewidths
which can be reached by injection narrowing of a high power oscillator, a
corventioral low power oscillator plus multistage amplifier system would have
to work under small signal gain conditions for most of the amplification
process. Not only is the small signal regime intrirsically very inefficient
for power amplification, but also the losses associated with a multiplicity
of amplifier stages (or multipassing a single stage) and the losses to
fluorescence when operating in the small tignal amplification regime would

combine to make the conventional oscillator-amplifier apprcach impractical.

In summary, then, it has been demonstrated that injection narrowing is
a realizable approack to obtaining high power and energy per pulse with a
spectrally narrow and tunable output. For linewidths on the order of a few
tenths nanometer or more, direct narrowing of the oscillator with dispersive
elements ir the laser resonator cavity is the best apnroach. However, for
narrower linewidths as required for resonance scattering (on the order of
a few thousandths of a nanometer), or possibly for lower beam divergence

qualzties, the injection laser technique appears to be the best approach.
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THE DYE-ZIG-ZAG-FACZ-PURMPFD LASER:

A HIGH AVERAGE POWER, HIGH BREIGHTIESS TUNABLE LASER®

pep e

R.L. St. Peters and D.J. Tayvlor

DI W R S T

I. INTRODGCTION

Dye lasers, which use an organic fluorescent dye in a liquid solution as
the active medium, zre the most important tunable lasers operating in the visible
portion of the spectrum. This spectral regicn plus part of the near IR can be

continuously covered using only a few dyes, and frequency doubling techniques

LTy T N R N A L PR PRI Y

extend the tunino range to at least 250 nm in the near uv.

One of the important limitations on the average power capability of dye
lasers is the distortion caused by thermally induced Znhomogeneities in
the dye solution. The dye 2ig-Zag-Face-Pumped Laser (D2ZZ-FPL) configuration
reduces these inhomogeneities by uniform pumping of the dye solution and by
rapid circulation of the dye solution through the active region. Furthermore,
the optical configuration is such that the residual distortions are largely :

self-canceling, resulting in a very small net distortion.

We have constructed and tested a prototype DZZ-FPL in order to determine h

optimum design parameters, to establish a basis for predicting the performance

RSO W

of future Dzz-FPL designs, and to demonstrate the low distortion properties and
high average power potential. With one kilowatt average input power at two
pulses per second, no distortion was observed. We have achieved average output
power of 1W at 3 pps. The low efficiency of 0.04% is a result of the particular

configuration; higher efficiencies and outpurs for the same input arse possible.

i e, WS m e b xf

* This research was supported by the Advanced Research Projects Agency of the
Department of Defense and was monitored by ONR under Contract No. N0014-72-
C-0503.
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IX. CONSTRUCTION

The core of the DZZ-FPL is a series of transpacent prisms with channels
between then, as illustrated in Pig. 1. This prism asserbly is housed in a
Jong glass box, which a2lso encloses the dye reservcirs. The dye solution flows
vertically through the channels and is optically pumped by two linear flashlamps,
one along each side of the structure. The end prisms have faces perpendicular
to the axis of the prism structure; this axis is also the optical axis of the
DZZ-FPL. The lamps are enclosed in reflectors which direct the pumplight toward

the dye in the channels. An end view diagram is shown in Fig. 2.

In order to contain the pump light within the dye channel-prism core until
it is absorbed by the dye, the prisms are aluminum coated@ on the top and bottom.
These coated surfaces and the lamp reflectors form a nearly continuous reflective
cavity open only at the ends and at the necessary holes for dye flow, lamp
electrodes, etc. Since aluminum coatings come off when kathed in the dye solu-
tion particularly under punplight illumination, the aluminum was overcoated
with S10, and the prisms were then baked in air at 300°C for 18 hours. The
aluminum coatings resulting from this treatment proved quite durable but still
showed some degradation during the DZZ-FPL + ting, perhaps due to small holes

in the overcoat.

In order o keep the loss due to absorption in the prisms low, the prisms
were made from Dynasil 8000 grade low schlieren fused silica selected for
freedom from bubbles. The prisms were cut with the deposition planes of the
material oriented perpendicular to the optic axis to further reduce schlieren
distortion. The windows at the ends of the DDZ-FPL were made of BK~7 optical
glass initially. Subsequently windows of fused silica with multi-layer dielectric
aanti-reflection coatings on the external surfaces were used, resulting in a

substantial performance improvement as described later.

The optical aperture is 3 cm by 3 cm. Ten channels were used with various
thicknesses as discussed below. The overall length of the core structure, which

varied slightly with channel thickness, was approximately 30 cm.

The electrical circuit used for the single pulse measurements is shown in
Fig. 3. Separate 3.5 Uf capacitors for each lamp were charged by a single DC
surply through 100 k{ resistors. The lamp cathodes were connected to a common

triggered spark gap in order to assure simultaaeous firing of both lamps. This
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Fig. 3 Electrical cirxcuit for pulsing DZ2Z~-FPL flashlamps.
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circnit was later modified fcr the gain and distortion measurements. Insial-

s,

TSN

-

ilation ci separate spark gars for each lamp reduced the jitter in the delay
between triggering and larp Jiring froa typically 40 Usec to less than 1 lsec

E while still providing simultaneous firing cf both lamms, so as to allow synchro-

[ PR I PP

nization with an external oscillator for guin measurements. For the repetition

4 At

rate measurements a Hipotronics power supply, capable of 2 amps at 15 kV, pro-
vided the charge on the 3.5 Uf capacitors through two 15 kf resistors that were
cooied by flowing transformer oil. With this supply the risetime to tle 65%
point of 140 msec (more than twice the expected RC charxging time-constant of

52 msec due to an internal saturable reactor) effectively sets the maximum

| repetition rate at approximately 7 pps {the dye flow rate, discussed bhelow,

Bt e AR Sasd ten ks Ve

also limits this system to 7 pps.) Consistent f£iring at 5 pps was observed with

Wl ALt

i virgin lamps and freshly cleaned spark gaps.

The dye flow arrangement in the DZZ-FPL is shown in Fig. 4. Two inlets

N YN

on. the bottom and two outlets on the top were used. The inlet at one end and

the outlet at the other end were partiaily restricted by a section of smaller

Pl oY

diameter tubing. This arrangement was necessary to assure a good dye flow

PRSI

through each channel. A pump circulated the dye through the DZZ-FPL, a Gdye

20
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reservoir, a heat exchanger, and a coarse filter. Tap water was circulated

s

through the other heat exchanger chamber. The dye flow rate was approxiwately

vetdy -

90 ml/sec, so that exchanging the total volume of dye within the channels

b st

regquired 0.13 sec.
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IIX. SINGLE PULSE MEASUREMENTS ;

A. Parameter Optimizaticn

R WY

Eariy developmentzl work on the D22-FPL had used & version with channels

6.3 mm thick.1 The optimum concentration of Rhodamine 6G in ethancl was fourd .
to be approximately 2x10-4M. Cbservation of the flow of dye solution through :
this early version made it clear that thinner channels were desirable, since
for example tne solution tended to swirl about in the channels rather than
flowing continuously through them. Use of narrcwer channels requires a higher .
concentration if the same number of dye molecules is tc be maintained in the

] active volume. Substantially smaller channels require concentrations higher

than those found in the literature and it was expected that at some point dye-

solvent interactions or other concentration-dependent effects would reduce the

performance. The first part of this investigation was to experimentally deter-

mine the minimum chamnel thickness and corcentration at which the single pulse

performance could be maintained.

For these measurements the D22-FPL was used as an oscillator since oscillator
tests are simpler +than amplifier tests. The cavity consisted of two mirrors, !
each 5 cm in diameter, spaced 77 cm apart. One mirror had a 5 m radius surface
with a broadband high reflectivity coating, the other was flat with a transmission
measured to be 18% at 595 nm, the measured wavelength at which lasing occurred.
All tests were made using Rhedamine 6G in ethanol as the dye solution. The \
optimum concentrations for each of these channel widths were determined by
threshold measurements, and it was also determined that these concentrations

yvielded the maximum output for a constant input pump level.

An ITT vacuum photodiode with an S-1 photocathode and a factory supplied
sensitivity vs. wavelength curve was used to measure the energy output. The

wavelength of oscillation was measured to be v 595 nm using a small hand-held

w e m o e

grating spectrometer and confirmed using interference filters. The output of
the DZ2Z-FPL was incident on an approximately Lambertian surface whose scattering
angle curve had been measured. This surface consisted of a layer or MgO about

6 mm thick covered with 2 thin layers of Eastman Kodak high reflectance paint.
The detector was placed so that it viewed this surface at a known angle to the
nermal {(near zero to minimize the sensitivity to uncertainty in the angle) and

from a measured distance. The power incident on the detector was thus propor-

tional to the output power,




-

)
i

B4
Pd = Po ;Ez—-cos 6

where Pd = power at the detector,

Po = laser output power,

Ad = detector area,

R = detector-scattering surface distance, and
0 = angle to scattering surface normal.

This equation assumes a Lamber-ian surface which is perfectly efficient (i.e.,
scatters all light incident on it with no absorption). Our surface was not
exactly Lambertian nor perfectly efficient, but the deviations were small

and nearly mutually canceling, making this equation a good approximation.

The output of the detector was stored on a capacitor. The voltage across
this capacitor at any instant was thus pror-rtional to the total energy incident
on the detector up to that time. This voltage was observed on an oscilloscope,
and a sharp rise could be seen when lasing occurred. At low output this sharp
rise was superimposed on a slower rise caused by pump light and dye fluorescence;
care was taken to subtract this contribution to the total detected energy. As
a check, the capacitor was removed and the voltage across a resistor in series
with the detector output was observed on the oscilloscope. This voltage was
proportional to the instantaneous power at the detector. The energy was obtained
from the area of the pulse. The laser pulse appeared as a short (<2U sec) high
pulse superimposed on the longer (v 6l sec) low pump pulse. The two signals
were more easily separated with this type of display. The results obtained

for the laser pulse energies were in good agreement between these two methods.

For cach channel thickness the output and slope efficiency were measured

using the concentration which yielded the lowest threshold. The single pulse

b . o

rerformance using the two larger channel thicknesses was essentially the same,
while the performance with the thinnest channels was substantially worse. The
performance data for these three cases are shown in Fig. £ and in Table I. From
Fig. 5 and Table I, it is clear that the ~»erformance of the DZ2-FPL is not much
different using 0.91 mm channels and 1.17 mm channels. The apparent slight
inferiority of the performance with 1.17 mm is probably not real and a result

of some combination of the folliowing:
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Fig. 5 Output energy as a function of input energy for three
channel thicknesses.
TABLE I. DYE CONCENTRATION, THRESHOLD ENERGY,
AND SLOPE EFFICIENCY FOR THREE CHANNEL THICKNESSES.
Spacer Thickness Optimum Conc. Threshold Slope Efficiency
mm Molar. J % X
_ §
0.53 1.5x10 > 521 0.015
0.91 1.25x10 > 397 0.043 v ¢
1.17 5x10~ 416 0.039
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1. The 1.17 mm data were the last taken and the flashlamps may have

been degraded.

2. The concentratiorn may not have been optimal. The performance
is not very sensitive to concentration over a range of a factor
of 2 or 3 around the optimum concentration, making the optimum
difficult to determine precisely. In particular, the optimum
concentrations for 0.91 mm and 1.27 mm channels are probably

not as different as Table I indicates.

3. There may have been slight differences in the mirror alignment
or the positioning of the detector and diffuse reflector, since

these measurements were separated by a number of days.

The performance with 0.53 mm channels, however, is degraded by a factor of

2 in slope efficiency and the threshold is 30% higher.

It is thus concluded that the optimum channel thickness (i.e., the smallest
channel width at which the single pulse performance is not degraded) is near

. . . . -3
0.9 mm and the corresponding optimum concentration is near 1.25x10 “M.

These tests were performed before thL: fused silica anti-reflection coated
end windows were available. The round trip absorption and reflection losses
{excluding dye self-absorption) wer: found *+-> total " 12% for this configuration.
Thus the performance shown in Fig. 5 only inaicates the relative performance of
the various channel thicknesses. The performance available from the lc~ 0oss

version with or imum channel size and concentration is presented below.

B. Oscillator Output Power and Gain

Deteiled studies of the Dye 2Zig-Zag-~FPL as an oscillator and as an amplifier
were made on the optimized DZZ-FPL configuration. Losses were reduced to a
minimum by ucing prisms of fused silica, for which absorption and scattering
losses are unmeasurably low, and fused silica end windows, which were anti-
reflection-coated on the outside. The only remaining transmission losses are
the dye self-absorption, Fresnel losses at the prism/dye interfaces ‘unly 0.55%
single-pas .or the favrred polarization), scattering losses at the surfaces,
ard any absorption by the solvent. The measured transmission loss at 632.2 nm
(He-Ne), where dve self-absorption 1s negligible, was less than 2%. The 30 cm-
iong renon flashlam s with 5 mm bore diameter used in the earlier erperiments

were replaced by 7 mm } re flashblamps, offering a more nearlv cptimum spectral

[
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distribution and longer lamp life. For these studies the channel thickness
was 0.91 mm and the concentration of dye in ethanol was 5 x 10“4 M, since it
was found above that performance is not very sensitive to concentration within
the range 5 x 10-4 to 1.25 x 10—3M. The oscillator cavity configuration was
the same as that described earlier, with an 18% transmitting output mirror,

and oscillation occurred at a wavelength of about 595 nm.

The outp:it energy from this DZZ-FPL oscillator was measured using the
calibrated photodiode and integrating circuit that were described above. The
single pulse laser output energy as a2 function of the energy stored in the
capacitors is shown in Fig. 6. The threshold energy was 230 J, and a laser
output of 0.22 J was obtained with 550 J pumping, for an overall efficiency
of 0.040%. The region of slowly increasing output has also bezn observed in
the operation of previous DZ2-FPL versions, and seems to be chcvacterized by
an increasing spot size (larger number of transverse modes oscillating). The
sl-pe efficiency in the linear region of 0.077% was nearly twice that obtained
from the higher-loss version. The major factor in this increase was the 1.60
times higher output coupling efficiency due to the reduced transmission loss;
the remainder of the slope efficiency improvement was due to higher spectral
efficiency and other factors. The temporal behavior of the DZZ-FPL laser
pulse essentially followed the lamp pulse except that it was somewhat shorter
at both the rising edge and the falling edge due to the DZZ-FPL threshold. The
lamp pulses wers typically 8 Usec betweeon half-power points, while the laser

pulses were typicaily 5 Usec * 1 Usec.

A convenient and accurate way to measure both the small-signal gain and

the cold-cavity loss of a laser oscillator is +o measure its thre:hold with and
without an additional known cavity loss. For example, one of the cavity mirrors
nmay be replaced by a mirror of higher transmission, or a device of known attenua-
tion may be inserted into the cavity. Adopting the latcer technique, we utilizer
the Fresnel reflections from a clean glass slide inserted at near normal incidence
{sufficiently far from normal to avoid resonance effects). Thic additionsl round
trip loss 65 = 0.150 caused threesiuld to rise from 241 to 333 J. From the expres-

th
e = 0.18 is tke transmission of the outy it mirror, we determine th~2 round-trip

sion E (sslide)/sth {nc slide; = [1- (1—60) {1-56)(1-65)]/[1-(1—60; (1-6‘ ]+ where

cold cavity loss o b2 4 = 0.133 or single-pass loss of 7.2%. The major contri-
J

btinns to the siagle-nmass loss are the refiection loss, expected to be 0.55%,
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as discussed above, and dye self-absorption loss. This loss may be estimated

from the absorption coefficient € % 0.15 * 0.05 x 10"18 cm2 given by Snavely's2
Fig. 10 at Ao = 595 nm. With dye concentration 5 x 10_4M and dye length along
the optical p: -h £ = 1.40cm, this value predicts (to within v 30%) a single-pass
self-absorption loss of (l-e—ENn) = 0.061, which accounts for virtually all of

the observed _oss.

Knowledge of the laser cavity losses permits the calculation of the
optimum output coupling, following the theory presented by Siegman . Based
upon a threshold of 230J with the Ge = 0.18 output mirror, the minimum possible
threshold, obtained with Ge = 0, would be Epo = 108.8 J. The optimum output
coupling for pumping at 5006 J is then Ge (optimum) = 60 { Ep/Epo - 1] = 0.159,
which is so close to the 18% coupling of the present output mirror that the
output power we obtained is within 1% of that which would be obtained with the

exact optimum coupling.

This technique for determining the cavity losses also permits evaluation at
two points of the small-signal gross gain coefficient g, as a function of flash-

lamp enexgy, since at threshold gain equals loss. We distinguish gross gain go,

g9
(unpumped) = e © , from

defined on a single-pass basis by I
o (g o )4

ut (pumped)/Icut

net gain (go - ao), defined for a single pass by Iout/Iin = e

0.072 is the loss measured above. The measured data for goi, presented in Fig. 7,

, where a02=

lie very close to a straight line passing through the origin, as expected. Thus,
from Fig. 7, the gain coefficient at 500 J is 0.226 cm—1 and the net single-pass

gain of the DZZ-FPL is e(gol - 0to!z')-l = 0.276. This measured gain coefficient
will be compared with theory in a later section; we now present the results of

a single-pass amplifier experiment to verify the gain value.

The single-pass gain of the DZZ-FPL was measured by its amplification of the
low-power signal from another flashlamp-pumped dye laser. This technique suffers
from many experimental difficulties and inaccuracies, so only qualitative agree-
ment with the above results was obtained. The flashlamp pulse for the probe
lacer was about 10 Usec long and timed to coincide with the DZzZ-FPL flashlamp
pulse (separate spark gaps for the two DZZ-FPL lamps were regquired in order t
uchieve consistent timing). Due to the low output power »f the probe laser in
comparison with tne ZZ-FPL flucrescence, it was convenient to detect the output
signal through a narrow-band interference filcer, with the probe laser n:¢rrowed

and tuned toc the filter passband by a reflection grating. Even then DZ2Z2-Fr:
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Fig. 7 Single-pass gain of D2ZZ-FPL as a functicn of input energy.
The points shown were Jerived from oscillator thresholds
with varying cavity ioss.
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fluorescence represented typically 30% of the output signal, and amplitude
instability between pulses greatly complicated the data. The data taken at

500 J indicated that g02 is probably about 0.3 but certainly within the range
between 0.15 + 0.50, as compared with the value obtained from the oscillator
measurements of g°2 = 0.315. Although further refirement of the experimental
apparatus could provide higher accuracy, these results were considered adequate

confirmation of the small-signal gain measured as an oscillator.

C. Oscillator Beam Size and Divergence

The laser beam emanating from the DZZ-FPL oscillator, in the same con-
figuration as discussed in the previous section, was examined within the range
»f 1input energy that corresponded to linearly increasing output (v 100 mJ) where
the laser beam size appeared to fairly constant. The laser beam size and shape
in the near field were studied by photographing the graph paper upon which the
beam was incident with varying attenuation in front of the camera. The power
in each laser pulse photographed was monitored and only those shots with the
same output power were compared. Unless the saturation behavior of the film
is well known, a densitometer trace of a supposedly unsaturated single-pulse
pattern is unreliable. Assuming that the saturatiop intensity is constant
for the Polaroid Tvpe 107 film, the edge of saturation represents a contour of
constant intensity which can be compared with similar contours on photographs
taken with more or less attenuation. Thesec contours are shown in Fig. 8, where

only the relative values of the contours are meaningful.

As can be seen from Fig. 8, the laser beam shape is fairly radially symmetric.

Yurthermore, if the relative intensity is plotted versus distance along the
vertical cross-sectinon shown, the radial variation of the intensity closely
matches a Gaussian, I(x) = Ioexp(~2r2/w2), with w = 1.24 cm providing the best
fit. Thus, 80% of the enerqy lies within a circle of diameter 2.22 cm. The
usual crit2arion for a Gaussian beam “o "fill" a laser medium ic that w & D/3;
for the D2Z-FPL with D = 3 cm that criterion is well satisfied. [It should be
emchasized that the DZ2-FPL output is not a single transverse (TEMOO) mode,
which would have 3 Gaussian distribution with v = 0.0581 cm for thif cavity, X
but consists ~f many transvirse modes, on the order of (1.24/C.0581) = (21.3)" =
456, whose superposition is approximately Gaussian.)] Because the output spot is
not & 3 cm square of constant intensity, scne of the power present in the inwver-
sion is not being ucilized, #nd the oitpw efficiency is accord:nagly reduced by

the ratic of the oscillating area to che tctal DZ2-FPL aperturz:




. 0.5¢cm |

T

100

Fig. § Near-field intensity contours for D2Z2Z-FPf. osciilator.
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nap = (ﬂw2/2)/D2 = (0.216. The modes required to £fill out the remainder of the
square ape:itnre apparently suffer too much diffraction loss to oscillate. The
situation might b= improved by using mirrors of larger aperture or longer radius

of curveature or simply by pumping a smaller aperture D22-FPL.

The DZZ-FPL beam divergence was determined by passing the beam through a
lens with a long focal length onto a graph~paper screen placed in the focal plane
of the lens, as shown in Fig. 9, except that the microscope objective was not
needed for magnifying the image. The pattern in this focal plane represents
the far-field propagation angles according to r = fl 0, as can be shown rigor-

ously both for a TEM__ mode and for a plane wave through a circular aperture

(Airy pattern). Theogivergence pattern was photographed with varying attenua-
ticn before the camera, and the output power monitored as in the previous
measurement of beam size. The divergence pattern was radially symmetric to

about the same degree as the near-field pattern (see Fig. 8). About 80% of

the laser power was contained within a circle of diameter 1.8 cm; therefore 80%
of the laser power is emitted into far-field divergence half-angles (measured
from the optical axis to the direction of propagation) of 7.4 mrad. One way

of wiewing this result is to compare it with the far-field diftraction angle of

a TEM00 mcde cf the same spot size at its waist, in this case w, o= 1.24 cm, for
which 6 = Ao/ﬂwo = 0.0153 mrad; the D2Z-FPL oscillator accordingly operuates at
480 times "diffraction-limit". A second interpretation is to compare it w«ith

the fer-field divergence angle of the TEM00 mode for this oscillator cavity, which
is 0.326 mrad, so we can loosely say that there are about (7.4/0.326)2 = (22.7)2
515 transverse modes osci’ lating; this result agrees well with a similar compari-

son between near-field spot sizes that suggests 456 transverse modes, as discussed

above .
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Fig. 9 Apparatus for measuring beam divergence and optical distortion.
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IV. D32Z-FPL OPTICAL DISTORTION IN REPETITIVELY PULSED OPERATION

The principal advantage of the dye Zig-Zag-FPL configuration over the A
conventional cylindrical dye cell configuration is the expected large reduc-
tion of optical beam distortion even at moderate repetition rates (v 10 pps).
The reduction of distortion is due to two inherent features of the DzZ-FPL.
First, the optical configuration plus the uniform face pumping ensure that
thermal heating and optical gain are uniform ovsr the aperture during each
pulse. Thus each ray propagating parallel to the optical axis sees the same
optical and thermal environment. Second, the optical configuration also leads
to partial self-canceling of cumulative thermal effects of previous pulses.
That the thermal effects largely cancel during a pulse is demonstrated by the
absence of any distortion for about the first twenty pulses wher the DZZ-FPL
is operated with the dye solution no% flowing. Nor could any distortion be
observed when the DZZ-FPL was operated at 2 pps for several minutes with tne
solution flowing. The only thermal effect which was observed is a distortion
during the interval between pulses when the dye solution heated by the pulse
is being replaced by cool dye solution. Operation during the dye-exchange period
would have considerable distortion. At the present dye flow rate this puts a

linmit on the pulse rate cf about 7 pps.

The optical beam distortion properties .he DZZ-FPIL, were examined using
an expanded collimated He-Ne laser peam at 633 nm. For these measurements the
DZZ~-FPL operated with 500 joules into the flashlamps at repetition rates up to
2 pps, the highest repetition rate for which the flashlamps and spark gaps then
in place would fire consistently. The output beam of the Spectra-Physics Model
120 He-Ne laser was checked to be single-mode (TEMOO). This beam was focused,
spatially filtered through a 6.8 um-diameter aperture, expanded, and collimated
by a commercial Spectra-Physics telescope. After being stopped down by a variable
aperture, the beam traversed the DZZ~FPL along its optical axis. WNo distortion,
such as thermal lensing, was observed in the near-field pattern projected on a

screen a short distance after the DZ2~-FPL for any repetition rate up to 2 pps for

operating periods up to S minutes.

The far-field diffraction pattern was examined using the apparatus shown
in Fig. 9. The far-field r ttern, which appears in the focal plane of the first
lens, 1s magnified by the miiroscope objective and prcjected on a screen. For

collimated light 1ncident upon the “irst ajerture, this pattern is the familiar
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Airy pattern, consisting of rings surrounding a central bright disk of radius
(to the first minimum) R = 0 fl M= (1.22 A/Q) fl M, where 6 is the beam-
divergence half-angie, M is the magnification due to the microscope objective,
an- d is the diameter of the first aperture. In practice, the diameter of the
first aperture had to be d ; 0.6 cm to prevent distortion of the Airy pattern
into a cross due to aberrations in the telescope. With this setup, any thermal
distortion by the DZZ-FPL would chanye the size or shape of the central Airy

disk.

With the D2Z2-FPL firing, the only change in the Airy pattern that could be
seen visually was a very faint upward (in the direction of the fluid flow)
bouncing of the entire pattern on each pulse. This bouncing was independent
of repetition rate and proportional to lamp energy. It could be eliminated by
blocking tne pump light from the lamps. During the flashlamp pulse the temperature
of the dye within the channels increases nearly uniformly due to the nonradiative
energy transitions. Then the dye flow forces fresh cool dye into the channels
from the reservoir bhelow, leading to a vertical variation of dye temperature
within the channel. 3ince the indesx of refraction of ethanol has a negative
temperature coefficient, He-Ne rays traversing the warmer dye near the top of
the DZ2Z-FPL travel fascter than those near the bottom, so that the phase-front
is tilted downward. The direction of the bounce is inverted by the microscope
objective and appears as an upward deflection of the Airy pattern. The magni-
tude of the observed deflection was measured to be Vv 1.35 x lO_5 radian. Since
the bouncing is caused by the dye flow, it should disappear when the dye flow
is stopped, as was experimentally verified. (With no dye flow the only distor-
tirn is thermal cylindrical lensing which sets in after v 20 pulses at 1 pps.)
The time behavior of the bouncing was observed by placing a small-aperture
photodiode at the 12 o'clock minimum of the Airy pattern. The signal that was
observed became noticeable about 40 msec after the flashlamp pulse, grew in
intensity for 40-6C msec and disappeared about 140 msec after the flashlamp
pulse. The total duraticn of 140 msec correlates well with the independently
measured dye pumping rate which produces dye exchange in 130 msec. It must be
emphasized that for repetition rates below the reciprocal of the dye-exchange
time, i.e., below 7 pps, the bouncing distortion in no way affects the operation
of the DZZ either as an oscillatos or as an amplifier, since the optical pulse

is completed long before the distortion becomes appreciable. The lamit this
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V. REPETITIVELY PULSED ONE-WATT DZZ-FPL OSCILLATOR

Based upon our earlier measurements of single-pulse oscillator output power
and of the absence of distortion at a repetition rate o:" 2 pps, we might expect,
and we have achieved, average power output in the vicinity of 1W for a repetitively
pulsed D2Z-FPL oscillator. For this demonstration we installed new flashlamps,
cleaned all the optical surfaces, and cleaned the single sparkgap used for trig-
gering the flashlamps. With only one sparkgap, the highest repetition rate at
which consistent triggering could be oktained was 3 pps. A CRL Model 205
Thermopile Power Meter moni*ored the average output power o. the DZZ-FPL
oscillator as the flashlamp vower supply voltage was slowly increased. The
output power was quite stable at any supply setting and rose quite smoothly as
the flashlamp energy was increased, up to an output power level of 1.05 W, at
which point the sparkgap began to self-trigger. The energy into the flashlamps
at the 1W output power level was about 600 J. Extrepolating the data of Fig. 6
to 600 J input, we would expent about 300 mJ output in a single pulse. Thus
our measurement of this same output energy per pulse when operating at a repeti-
tion rate of 3 pps is a strong indication of the lack of distor*ion with the
D2Z~-FPL. We observed operation at the 1W level for about a minute, but we could
reasonably expect 1W operation for the entire lifetime of the flashlamps, about

104 to 105 pulses, or about 1 to 10 hours at 3 pps.
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V. REPETITIVELY PULSED ONE-WATT DZZ~FPL OSCILLATOR

Based upon our earlier measurements of single-pulse oscillator output pover

and of the absence of distortion at a repetition rate o:" 2 pps, we might expect,

and we have achieved, average power output in the vicinity of 1W for a repetitively

pulsed D2Z-FPL oscillator. For this demonstration we installed new flashlamps,
cleaned all the optical surfaces, and cleaned the single sparkgap used for trig-
gering the flashlamps. With only one sparkgap, the highest repetition rate at
which consistent triggering could be oktained was 2 pps. A CRL Model 205
Thermopile Power Meter monitored the average output power o. the DZZ-FPL
oscillator as the flashlamp vower supply voltage was slowly increased. The
output power was quite stable at any supply setting and rose quite smoothly as
the flashlamp energy was increased, up to an output power levei of 1.05 W, at
which point the sparkgap began to self-trigger. The enerygy into the flashlamps
at the 1W output power level was about 600 J. Extrapolating the data of Fig. 6
to 600 J input, we would expert about 300 mJ output in a single pulse. Thus
our measurement of this same output energy per pulse when operating at a repeti-
tion rate of 3 pps is a strong indication of the lack of distor%ion with the
DZZ-FPL. We observed operation at the 1lW level for about a minute, but we could
reasonably expect 1W operation for the entire lifetime of the flashlamps, about

104 to 10° pulses, or about 1 to 10 hours at 3 pps.
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VI. PERFORMANCE ANALYSIS

In this section we present theoretical expressions for gain and efficiency
applicable to the DZZ-FPL configuration, and make comparisons with our experi-
mental results. A gain expression derived from fundamental laser principles
indicates how device performance scales with various DZZ-FPL parameters. When
compared with our measured gain, it provides information on the inversion effi-
ciency (the power availabl- in the inversion divided by the electrical power into
the flashlamps), as does the experimentally determined slope efficiency. Per-
formance of the DZZ-FPL as a large-signal amplifier is projected on the basis of
measured efficiency and a theoretical expression that includes the effects cf
saturation and absorption. These results form the basis for the recommendations

of the next section.

First we define symbols representing the geometry of the DZZ-FPL, with
reference to Fig. 1. Let n be the number of dye channels (n = 10 in the experi-
mental DZZ-FPL). The (n--l) clear 450-450-90o prisms have height (in the plane
of the flashlamps) D, base 2D, and thickness (normal to the flashlamp plane)

A, with D= W = 3 cm in the experimental D2Z2-FPL. The dye channel spacing,
normal to the prism surfaces, is g, with an optimum g = 0.91 mm detexrmined for
our D2Z-FPL. Since the dye/ethanol solution nearly index-matches the fused
silica prisms, refraction in the channels can be neglected, so the paths for the
purp light and for the laser light in each dye channel are nearly orth~~onal and
of equal length, approximately Jﬁb. The lamp length L must overlap ai. the dye
channels, so L = n (D + 43@) A nD, with L = 30 cm for the experimental DZZ-FPL.
The laser path length through all channels is % =4?gL/(D+45§) A JE'gL/D: with
refraction included it is actually abcut 8% longer, or 2 = 1.40 cm for the
experimental DZZ-FPL. The totair dye volume in the channels is V = 151gWDL/
(D+J§b) A9 wL; v=11.65 em> for the experimental DZZ-FPL.

In this analysis we can assume uniform pumping and hence uniform inversion
with complete confidence. With the conventional cylindrical geometry, uniform
pumping .s a poor assumption for a system that makes efficient use of its pump
lig..=, i.e., radius comparable to the 1/e absorption length. The inversion
density across each dye channel of the DZZ-FPL is also not uniform, but no
matter what the true inversion profile is, the symmetry of the face-prmped
laser causes the gain through each channel experi-aced by each ray proragating

parallel to the optical axis to be identical to the gain ihrcugh a uniformly
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inverted channel. That is, there is no experiment which can differentiate
between uniform inversion and the true inversion profile of the C2ZZ~FPL. Fur-
thermore, this gain is constant across the entire DZ2-FPL aperture, as was

demonstrated by Martin and Almasi4 with the Nd:glass Zig-og-FPL.

With uniform inversion density in the dye channels, the inversion efficiency

is given according to its definition by

hv V AN/t
n =0
inv Pelect

where vo is the frequency of oscillation, AN is the inversica density, T is

the lifetime of the upper laser state, and Pelect is the elec*rical power Ilow-

ing into the flashlamps. The inversion efficiency is the product of several

component efficiencies, each corresponding to a step in attaining the inversion:

ninv = nlamp nspectral npumping nshift

where: nlamp is the efficiency of the flashlamp in converting electrical power
. . . , . . the
from the power supply into light nspectral is the fraction of light from

flashlamp that falls within the dye's absorption bands; n . is the fraction
pumping

of spectrally useful light that is actually absorbed in the dye channels, and

is determined by the geometri~al arrangement of dye, flashlamps, and reflections;
nshift is the ratio of the laser frequency tc the average pumping frequency. In
the analysis that follows, estimates for ninv will be obtained from our gain and

slope efficiency measurements. However, two of its components nspectral and
nshift can be readily evaluated.

From the absorption spectrum for Rhodamine 6G in ethanol published by
Snavelyz, the mean wavelength of absorption is 509 nm, so for oscillation at

595 nm, A 0.855. The spectral efficiency can be calculated from this

Nshi £t
absorption spectrum, dye concentration, channel thickness, and knowledge of the

spectral output of the lamps. At these high current levels the spectral output

has been found to be apprcximately black-body radiation from a color temperatnure

Y

determined by the current density, T = K J°. For our lamps we calculate T Y

1.1 x lO4 K, resulting finally in n ~ 0.12.

spectral
The net gain of a single-pass laser amplifier is given, as discussed in an

earlier section, by Io /Iin - exp[(g0 - ao)ﬁl. By convention the emission cross-

ut
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section Oé is then defined by 9, = Ge Ax. Unfortunately, in relating the
emission cross—section (and the saturation parameter, which will be of interest
shortly:) to cbservable parameters of the laser medium, one can consult ¥ cuthor-
ities and, after sorting out the N different tenninologies, arrive at ¥ different
results, differing by factors of 2, W, n3 (index of refractionj, etc. Having
derived it rigorously and having checked its agreement with the most trustworthy

auvthorities, we submit the following expression £Or emission cross-section:

A4

g = = for the center of a Lorentzian lineshare
e 2 2

4t a” c A T

rad
Ag E()\o) o
= — for a dye laser with fE()\)d}F!J
8ﬂnch °

where Ao is the wavelength of oscillation, AA the half-power linewidth of the

fluorescence, and Tr = T/@, where @ is the quantum efficiency. The line-shape

ad
factor E(A) was determined experimentally by Snavely2 for Rhodamine 6G in ethanol,

with E(595 nm) = 4.55 x 106 mwl. Therefore the gain coefficie.t for the D2zZ-FPL

configuration is

5 5
Ao E(Ao) ninv Pelect _ Ao EO‘o) ninv Pelect

g°=0eAN=

81Tn2 cth 8'r£n2 ¢ n (J'z‘gwr.-)

We note also that the single-pass gain factor, goﬁ, is independent of g and L:

5
= Ao E(Ao) ninv Pelect

8w n2 c2 hwo

9.2

We now compare this expression for the gain coefficient with the experi-

mentally measured gain, go = 0.226 cm—l. With 500 J into the lamps in an 8 usec

(peak) = 6.25 x lO7 W. The index of refraction of ethanol ic n =

1

pulse, Pelect

1.36, and the wavelength was

595 am. Therefore, to achieve go = 0.226 cm

[}

with this system implies ninv = 0.0345 (3.45%), which is a quite reasonable valuea.
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The siope efficiency of 2 lzser osciilaror is zlso rziated to the rowersioo
A Ziashlamo—puced évs laser, for which the ooger-state ifgrime of

4

3 nsec is much shorter than the flizshiamp pulsewidth of ID lsec, is actoally

operating cuasi-cw, so tne relevent sicpe efficiency relates ths lassr peak oo~

sut power to the pezk electrical! power ?él . This instanrancows slope effz-
'_.C G
cieacy for thes experimental DZZ-FPL is ©.123%. it is rslzced to the anvers:on

efficiency according %o

wnere 1
output’

eguals G.564 and n_

the ratic of output coupling cavity loss to total cavity loss,
perture’ the ratio of the osciliatiny area £o the total D22-
FPL, aperture, equals 0.216 as discussed in the section on oscillator bea=m size.
These values then imply that ninv = {.0101 (3.02%). The rather large discrepancy
between the inversion efficiency values indicated by these two measurements mav
be due to the different laser operating conditions under which these measurements
were made, such as a4 shift in oscillation wavelength between threshold and the
linear region, or perhaps multi-mode complications that this theorv does not
account for. On the other hand, some of the discrepancy may be simply experi-
mental inaccuracy; for example, a shift in oscillation wavelength of only 10 nm
changes E(A} by nearly a factor of 2. At any rate, the true value for the
inversion efficiency is somewhere between these values, probably near 2%.
According to the earlier discussion about the components of the inversion
efficiency, we therefore may infer that n n . % 0.20, which is a
lamp pumping
reasonable value considering that most flashlamps are abcut 50% efficient and

pumping cavities are tyvically 40-60% efficient.

The DZ2-FPL is expected to be used primarily as a large-aperture low-~
distortion amplifier. The low small-signal gain of the present unit discourages
its use as a small-signal amplifier; for this application a conventional cylin-
drical dye amplifier or a scaled-down version of the D22-FPL, as will be discussed
in the next section, would be more appropriate. But as a large-signal amplifier
the DZZ-FPL could add several joules of energy to a dye laser pulse with high
efficiency. Here we present theoretical predictions for the operation of the

DZ2-FPL as a large signal amplifier, with gain saturation and loss taken into
account.
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This equation reduces to the conventional gai:' expression considered earlier when

I << Isat' The colution of this equation for I(z) is a transcendentrl expression

that can only be evaluated numerically:

p-1- I(03/1
o I(z) +p I ( sat

— ) = (p-1)a z
1(0) P-i-Iiz)/I_, o

P
where p = EQ.= ninv elect
P=3 a WD I
° o sa

is the pumping parameter.
t

Figure 1C shows the growth of the cptical beam for various input intensity
levels as it propagates along a D2Z2Z-FPL amplifier characterized by the same loss
coefficient (ab = 0.06 cm—l) and pump power per unit length (p = 3.80) as our
experimental DZZ-FPL operating at 500 J and A = 595 nm. The outpuc in%ensity from
an ingyinitely long amplifis2r with constant pump power rer unit length (which
would, of course, require infinite electrical power), or eguivalently from a
large number of identical amplifiers in cascade, does not approach infinity, but
approaches a finite limiting intensity I(«) = Isat (p-1), dAue to the ef.ects of
saturation in reducing the gain to where it jusi bhalances the loss. The optical
path length of the experimental DZZ-rPL, indicated at £ = 1.4 cm, is considerably
shorter than the distance at which saturation is approached for I(O)/ISat << 1,

as expected due te the low yain of the experimental version. Therefore its

-
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Fig. 10 Single-pass laser amplification including o, - *e2¢ts of
saturation and loss, showing intensity versu. 'ength for
various incident intensities.
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(%
czn never be creater thes the inversicp efficiercy, a8 cnly with hich gzin {large

p) does i~ zpprosch this limiz.

For orr mmericzl exapds 2t & = 395 -m, with T = 5.5 nsec, 66(595 o) =
~17 - s s o -
7.43 x 10 c:mz =8 Esa* 5925 ) = 90.82 mi‘/cmz. With the 5 peec Ions oTizut
s
2

from the flashlizop-punoed osciilztor or preanslifier exzendsd €0 9 ¢ arez, oY
DZZ-PFL amplifier would regvirze for efficient operaticon I(0) = Esa* or Z(0) =

36.8 J; at this level is would z&6 2.8 JF to the pulse. From the efficiency

S nr

curve of Pig. 11 this DZ2Z-FPL can still add 1.4 J to the pulse for inpunt 2s
low as E{(Q) = 7 5. Thus, owing to the high saturation intensity of dye lasers

and to the large aperture and low gain of the present DZZ-FFL, its use 3° an

e

amplifisr is probabliy limited to high input enexgy eapplicatiorns. 1In the con-
cluding section we will dischss alternative D22-FPPL configurations which extend

its usefulness as an amplifier at low input energies.
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sicnai contzins several ,.ales of energy.
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2s recommendations Sor futnre work, we consicder, with the a2id of the
theo:y of che previcus section, the possibilities of alteramative DZZ~-FFL con-
figurations that might be more useful as oscillators or low-level amplifiers.
Por both, it appears advantageous to reduce one or both dimensions of the aperture
and to consider multiple passes. In particular, we consider three optical passes,
each with a 1 x 1 cm aperture, through a D2Z2-FPPL with D=1 cm and W = 3 cm (see
Pig. 1) Since the area facing the flashlamps is the same as in the present 3 x 3 cm
unit, the inversiorn efficiency ninv is the same if the channel thickness and
concentration are the same. Furthermore the gain coefficient go is the same for
the same flashlamp power. However, reduction of D by 3 at constant L requires 3
times more channels (and 3 times more prisms); considering alsc the three-pass

optical folding, the total increase in active dye length is a factor of 9.
As an oscillator this configuration would offer the rollowing advantages:

- The smaller aperture and multiple passing should provide uniform intensity
. 2 . .
over the entire 1xl cm” beam area, with naperture thereby approaching
unity and slope efficiency increasing accordingly;
- The longer active dye lergth should reduce threshold to the limit
dictated by self-absorption losses (v 130 J) and may permit larger

output couplin ';
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- Lower d&ye concentration might reduce self-abhsorption losses with little
excash sacrifice in ioversion efficiency to frrther reduoe threshold and
increase sloge efficiency.

2z z small-sicnal amplifier, the improvememts are evern more Sicnificant:

- Toe looger dre path length with the szame gz2in and bsorption coefficients

shoml@ provide =z subsiantial improvemeant ip net smalil-signal Guin, from

T =3i.276 0 X z.
out” iz o&trm

1
N

8.30 (5.2 &»);

- The longer path lencth is aiso sudstantiaily closer to the length required
for the output sicnzal <0 be ar roaching the ssturation iimit, so that

reasponable auplifier efficiency woulé be achieved with 2 lawer irput

irtensity (I (0),‘.7.s 10 7) ard the pezk amplifier efficiency is higher,;

i
@

12 9 tipes lower beam area reguired for the input beanm to this amrlifier
wottd also serve to reduce the inpat beam energy required for zfficient
operation, £rom 36.8 J to about 400 mJ when these latter two effecis are
considered. The combination of two of these 3-pass, 1x3 cm D22-FPL units,
the first as an efficient oscillator with 400 nJ output, the second as

an efficient medium-power amplifier capable of adding about 1.6 3§ to the
pulse, would be an attractive package for producing 2 J tunable dye laser

pulses 2t a repetition rate of 5 pps.
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Thrcughout this report, channel thicknesses are measured perpendicular

cr

. - . . . . . -C -
o the prigzm surface. S$ince the optical axis is at 45 to this surface,

the path thrcugh a channel alopg the axis is J2'times the channel thickness.
B.B. Srmaveiv, Proc. IZEE, 57, 1374 (1969).

A.¥. Siegman, An Introduction to Lasers and Masers, Sec. 10-6, McGraw-Hill
{(1271).

#.S. Martin and J.C. Aimasi, G.E. Techasical Report AFAL-TR-71-63 (1971).
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